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Foreword

It gives me immense pleasure to introduce microRNA: Medical Evidence—From
Molecular Biology to Clinical Practice to the medical and scientific community.
The book you are holding was developed to provide medical students, researchers,
and physicians with the knowledge on an emerging fundamental section of
biomedicine: microRNA.
This book represents one volume—focused on clinical practice—of a trilogy
exploring the functional role of microRNAs from basic science to the clinical
scenario. The other two volumes explore the importance of microRNA in molecular
biology and in cancer, respectively. The books have been edited by Dr. Gaetano
Santulli, MD, PhD, who reunited the major experts in the microRNA field in order
to have a comprehensive, up-to-date, and systematic overview of the mechanistic
roles of these tiny molecules in physiology and disease.
MicroRNAs are small endogenous noncoding RNAs (~22 nucleotides) that finetune gene expression at the posttranscriptional level through mainly binding 3′-UTR
of mRNAs. They are involved in numerous pathophysiological processes within
cells and represent major regulators of gene expression by virtue of their preponderance to target transcription factors.
Following an introduction to precision medicine and personalized therapies, the
book propones diverse chapters discussing the role of microRNAs in neurologic
disorders, including epilepsy, autism, chronic pain, fragile X syndrome, and neurodegenerative disease. Then, a series of chapters extensively describes the clinical
aspects of microRNAs in both diagnosis and therapy of metabolic and cardiovascular
disorders, focusing on mitochondrial fitness, arterial hypertension, cardiovascular
remodeling, cerebrovascular disease, pulmonary hypertension, diabetic kidney disease,
and kidney transplantation. In the following chapters the experts discuss the importance of microRNAs in the wound healing process and in skin disease, in the pathogenesis of allergy, in human ovulation, and in infection. An interesting outline on
the emerging role of microRNAs in the field of doping and a chapter explaining in
detail microRNA profiling conclude the book.
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Foreword

This book highlights the functional roles of microRNAs in various human disorders, discussed in a detailed manner by expert contributors. Worldwide renowned
experts also emphasize the current challenges and outstanding questions for the
application of microRNA in clinical practice. The book includes many color pictures, schemes, and diagrams that will be very helpful to students and physicians
and eloquent tables that support the text.
The clinical profile is evident in each chapter. The authors have done a terrific job
in presenting such complex topics in an easy and comprehensible manner.
Milan, Italy

Gianluigi Condorelli
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Chapter 1

Exploiting microRNA Specificity
and Selectivity: Paving a Sustainable Path
Towards Precision Medicine
Gaetano Santulli

Abstract In his State of the Union address before both chambers of the US
Congress, President Barack Obama called for increased investment in US infrastructure and research and announced the launch of a new Precision Medicine
Initiative, aiming to accelerate biomedical discovery. Due to their well-established
selectivity and speciﬁcity, microRNAs can represent a useful tool, both in diagnosis
and therapy, in forging the path towards the achievement of precision medicine.
This introductory chapter represents a guide for the Reader in examining the functional roles of microRNAs in the most diverse aspects of clinical practice, which
will be explored in this third volume of the microRNA trilogy.
Keywords miRNA • Pharmacogenomics • Precision medicine • Initiative
• Selectivity • Speciﬁcity • Pharmacogenetics

In his last State of the Union address before both chambers of the US Congress,
President Barack Obama called for increased investment in US infrastructure and
research and announced the launch of an innovative Precision Medicine Initiative.
“I want the country that eliminated polio and mapped the human genome to lead a
new era of medicine—one that delivers the right treatment at the right time,” he
said. “Tonight, I’m launching a new Precision Medicine Initiative to bring us closer
to curing diseases like cancer and diabetes—and to give all of us access to the personalized information we need to keep ourselves and our families healthier,” he
continued [1].
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Such an announcement offers an illustration of the considerable interest that
exists in achieving greater progress in treating disease [2].
President Obama has long expressed a strong conviction that research offers
great potential for improving health [3]. One million or more US citizens will be
powering President Barack Obama’s Precision Medicine Initiative. This bold
volunteer-driven move to collect and link genotypic, phenotypic, and lifestyle data,
including crowdsourcing and social media tools, aims to accelerate biomedical discovery with an initial focus on cancer [4].
The patient-participant cohort at the core of the initiative will enable new
approaches to prevention, diagnosis, and treatments tailored to individual
patients. “It’s a new model for doing medical research,” says National Institutes
of Health’s (NIH) director Francis Collins, while discussing the precision medicine approach [3, 4].
Do microRNAs (miRs) have a role in precision medicine? The answer is yes, and
apparently not only at an interindividual level but also at an intercellular level.
Indeed, miRs are exquisite regulators of gene expression that inhibit translation and/
or promote mRNA degradation by base pairing to precise complementary sequences
within the 3′-untranslated region.
They are expressed in a cell-speciﬁc manner and give us the possibility to generate selective treatments that target the bad cells and preserve the good cells, with
major implication in cancer (see the second volume of the trilogy, where these
aspects are discussed in detail) but also in other disorders [5–14].
This introductory chapter opens the third volume, where miRs will be analyzed
in the clinical scenario. In the next years, clinicians will have to deal with miRs, not
just as diagnostic biomarkers but also as potential tools to design selective treatments, alongside with their emerging important role in prognostic signatures and
prediction models.
Acknowledgements Dr. Santulli is supported by the NIH (1K99DK107895).
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Chapter 2

microRNAs and Personalized Medicine:
Evaluating Their Potential as Cancer
Biomarkers
Anne Saumet and Charles-Henri Lecellier

Abstract microRNA deregulations are often, if not invariably, associated with
human malignancies, including cancers. Though most of these deregulations may not
be functionally implicated in tumorigenesis, the fact that microRNA expression can
be monitored in a variety of human specimens, including biological ﬂuids, supports
studies aimed at characterizing microRNA signatures able to detect various cancers
(diagnosis), predict their outcome (prognosis), monitor their treatment (theranosis),
and adapt therapy to a patient (precision medicine). Here, we review and discuss pros
and cons of microRNA-based approaches that can support their exploitation as
cancer biomarkers.
Keywords Cancer • Theranosis • Diagnosis • Prognosis • Precision medicine
• Tumorigenesis

microRNA Biogenesis
The microRNAs (miRNAs) are a class of 18–25 nucleotides long RNAs involved in
the repression of translation and in the adjustment of protein production in response to
various stimuli [1–3]. Their expression must be accurately controlled to ensure
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plethora of cellular processes [4–6]. The miRNA biogenesis involves several steps,
each step being subject to speciﬁc controls (for review [7]). Brieﬂy, a long (thousand
nucleotides long) RNA called the primary-miRNA (pri-miRNA) is transcribed from
the genome mostly by the RNA polymerase II. This pri-miRNA contains one or several local stem-loop structures (called precursor(pre)-miRNA) in which the mature
miRNA sequence is embedded. Next, a speciﬁc complex, called the Microprocessor
and containing the RNAse III Drosha, crops the pre-miRNA from the pri-miRNA. The
pre-miRNA is exported to the cytoplasm where another RNAse III, Dicer, processes
the pre-miRNA into duplex of miRNAs. Only one strand of this duplex will guide a
protein complex onto mRNAs harboring partial sequence homology and eventually
trigger translation repression mostly by mRNA exonucleolytic cleavage [8]. The ﬁrst
two steps are believed to be the main control points for miRNA regulation [7, 9].
Similarly to protein coding genes (PCGs), control of pri-miRNA transcription involves
DNA-binding proteins (i.e., transcription factors, TFs) that recognize speciﬁc cisregulatory DNA motifs in the promoter region of the pri-miRNA. The deﬁnition of
miRNA promoters remains elusive. The pri-miRNAs are unstable molecules making
hard the precise identiﬁcation of their 5′ end, i.e., miRNA Transcription Start Sites
(TSSs). Numerous studies have tackled that problem and proposed different
approaches to characterize miRNA TSSs, mostly based on features of PCG promoters
such as CpG content, epigenetic marks, nucleosome positioning [10–19] but the
results are quite mixed. A precise and complete map of miRNA TSSs/promoters is
thus still missing precluding a genome-wide view of miRNA transcriptional regulations and the identiﬁcation of potential miRNA-speciﬁc regulations. This lack of
knowledge does not impede the study of speciﬁc miRNA loci though. We and others
have shown that miRNA genes and PCGs are regulated by the same TFs. For instance,
we have demonstrated that the PML-RARA oncogenic protein, which is associated
with the Acute Promyelocytic Leukemia, represses the transcription of retinoic acidresponsive miRNA genes similarly to its action on PCGs [20]. Likewise, we showed
that the antagonism between retinoic acid and estrogen signaling initially reported for
PCGs [21] is also observed on miRNA genes [22].
At the posttranscriptional level, control of the miRNA biogenesis can be subjected
to RNA-binding proteins (RBPs), which recognize speciﬁc RNA motifs on or at the
vicinity of the pre-miRNAs. For instance, the LIN28 protein, a developmentally
regulated RBP, can recognize a speciﬁc motif in the loop of the pre-miRNAs belonging
to the let-7 family and selectively blocks their processing [23]. Also the p72 DEAD
Box RNA Helicase binds a motif located in the 3′ ﬂanking region of the pre-miRNAs
and this binding can be controlled—in a cell-density-dependent manner—by the
sequestration of p72 by YAP, a downstream target of the tumor-suppressive Hipposignaling pathway [24].
These transcriptional and posttranscriptional regulations make miRNA extremely
sensitive to various intra- and extracellular stimuli (e.g., hormones, vitamins, nutrients,
pharmacological molecules, or hypoxia). They notably ensure that the miRNA repertoire is controlled in a temporal and cell-speciﬁc manner. These features were ﬁrst
reported by Chen et al., who observed that the miR-181 was preferentially expressed
in the B-lymphoid cells and that its ectopic expression in hematopoietic progenitor
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cells redirects lymphopoiesis towards the B-cell lineage [25]. On the other hand,
these tight regulations can have severe consequences in human diseases in particular
cancer [22, 26–30].

microRNA Deregulation in Cancers
The miRNAs are key players in cancer initiation and progression, including metastasis
formation [31–33]. This ﬁeld of research is probably one of the most productive in
terms of publications (16,022 publications related to “miRNA and Cancer” listed in
PubMed in March 2015 with an increase throughout the years). The miRNAs can act
as oncogenes (“oncomirs”) or tumor suppressors [34]. He et al. ﬁrst reported the potential of one miRNA cluster, the miR-17/92, to act as an oncogene [35]. In 2007, Chang
et al. showed that the miR-34a, which is transcriptionally regulated by p53, has a tumor
suppressor activity [36]. Several databases have now been created to list the miRNA
activity in speciﬁc cancer type [37, 38]. As observed for PCGs [39–43], the oncogene/
tumor suppressor activity of miRNAs depends on the cellular context and/or the type
of cancer considered. For example, the miR-221 can act as an oncogene in liver cancer
[44] while playing a tumor suppressor role in erythroblastic leukemia [45].
The miRNA deregulations observed in cancer (i.e., forced expression for
oncomiRs and downregulation for tumor suppressor miRNAs) can occur at the gene
(deletions, ampliﬁcations, or mutations of miRNA genes), the transcriptional (epigenetic silencing, deregulation of transcription factors), and/or the posttranscriptional
(deregulation of the miRNA biogenesis pathway) levels (for review [29]). The action
of miRNAs can also be impaired without affecting miRNA expression levels by, for
example, genomic mutations that can modify either the sequence of the miRNAs
and/or the sequence of their targets [46]. We provided earlier some examples of speciﬁc transcriptional regulations responsible for miRNA deregulations [20, 36].
Likewise, the miR-15a and miR-16 are downregulated in the majority of chronic
lymphocytic leukemia cases because the corresponding gene is frequently deleted
[47]. The transcription of miRNA genes can also be silenced by DNA methylation
[48]. At the posttranscriptional level, the reactivation of LIN28 is many human
tumors can lead to the exclusive downregulation of let-7 miRNAs [49]. The expression of several key proteins involved in the processing or the action of miRNAs
(e.g., Dicer, Drosha, Argonaute 2) is perturbed in certain cancers [50, 51] with
presumably broad impact on cell biology.
These deregulations ultimately generate miRNA proﬁles that can be associated
with cancer types/subtypes and/or response to chemotherapies [52–57]. Most of
these proﬁles have been made available in several databases. PhenomiR provides
data from several studies that investigate deregulation of microRNA expression in
various diseases (not only cancer) and biological processes as a systematic, manually curated resource [58]. OncomiRDB is speciﬁcally dedicated to cancers [37].
Wang et al. manually curated 2259 entries of cancer-related miRNA regulations
with direct experimental evidence from approximately 9000 abstracts, covering
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more than 300 miRNAs and 829 target genes across 25 cancer tissues [37].
PROGmiR is aimed at providing potential prognostic properties of miRNAs in several
cancer types derived from publicly available data from Gene Expression Omnibus
(GEO) and The Cancer Genome Atlas (TCGA) [59]. The next question remains to
determine whether these proﬁles contain clinically relevant biomarkers that could
serve in diagnostic, prognostic, and/or theranostic tests.

Specific Advantages of microRNAs in Cancer Diagnosis
In addition to speciﬁc mutations associated to speciﬁc cancers [46], miRNA levels
can also be indicative of cancer initiation, progression, and metastasis formation.
Measuring miRNA levels is relatively straightforward. Several technologies are
now available to proﬁle either a speciﬁc set of miRNAs (RT-qPCR, Nanostring,
microarrays) or the whole miRNA repertoire (small RNA sequencing).
Advantageously, RT-qPCR does not necessitate large amount of RNA and is highly
sensitive and speciﬁc. Moreover, several assays are commercially available rendering
miRNA proﬁling easy even in clinical practice. It is important to note that each
platform has, however, its advantages and drawbacks. For instance, the use of speciﬁc RT primers [60] could be a heavy procedure compared to the universal method,
which uses linkers and one common RT primer. Problems with cross-priming can
also lead to speciﬁcity issues and make it difﬁcult to distinguish miRNAs belonging
to the same family and differing by 1 or 2 nucleotides only. The Nanostring technology utilizes color-coded barcodes, which hybridize with the targeted miRNAs without the need of ampliﬁcation thereby providing very sensitive digital data. However,
similar to microarrays, RT-qPCR and Nanostring technologies are targeted
approaches that do not allow the detection of novel miRNAs that can be speciesand tissue-speciﬁc [61, 62]. In that context, RNA sequencing is deﬁnitely the best
way to discover novel miRNAs. It can also detect sequence variation and posttranscriptional modiﬁcations thereby providing a more complete picture of the miRNA
repertoire. However, its cost is still high to be envisaged in clinics. Besides, analysis
of sequencing data is still a complex process, which requires rigorous bioinformatics approaches and reﬁned sequence algorithms.
The miRNAs can be detected in a variety of human tissue specimens, fresh or
Formalin-Fixed Parafﬁn Embedded (FFPE), and in almost all human biological ﬂuids
(e.g., serum, plasma, saliva, urine) [63–67]. In contrast to most RNAs, circulating
miRNAs are remarkably stable [68]. In fact, circulating miRNAs represent a potent
mode of intercellular communication [69, 70]. The secretion of miR-105 through
exosome destroys tight junctions between endothelial cells thereby facilitating
metastasis propagation [70]. The molecular mechanisms responsible for the secretion of miRNAs remain largely unknown. Circulating miRNAs can be free, packed
into exosomes or other microvesicles present in body ﬂuids [71] or can be associated with (lipo)proteins (HDL [72] and Argonaute 2 protein [73]). Plethora of studies
showed association between the presence of one or several extracellular circulating
miRNAs in a given biological ﬂuid and cancer initiation/progression or response to
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chemotherapy. These proﬁles have been listed and classiﬁed in the miRandola database [74]. miRandola contains 2132 entries, with 581 unique mature miRNAs and
21 types of samples. miRNAs are classiﬁed into four categories, based on their
extracellular form: miRNA-Ago2 (173 entries), miRNA-exosome (856 entries),
miRNA-HDL (20 entries), and miRNA-circulating (1083 entries) [74]. miRandola
is also connected to miRò, a compendium, which integrates various online resources
(ontologies, diseases, and targets) to provide users with miRNA-phenotype associations in humans [75].
All these features make miRNAs appealing candidates for non-invasive diagnostic
tests and several companies have indeed decided to meet the challenge (e.g., Santaris
Pharma, Rosetta Genomics, Cepheid, Prestizia-Theradiag, and IntegraGen; [76]).
However, at this stage, miRNA signatures per cancer type are still inconsistent [77,
78] impeding their usage in clinics and calling for further development and research.

Challenges in microRNA-Based Diagnosis
One important challenge in the ﬁeld of microRNA-based diagnosis is to ﬁnd the
sources of inconsistencies in order to propose standardized protocols. Inconsistencies
in miRNA signatures could come from sample procurement and could be the results
of, for instance, platelet contamination of the plasma [79, 80] or hemolysis occurring during blood collection [81–84]. The protocols used to extract miRNAs also
differ and can introduce signiﬁcant variability. One important point to compare
miRNA extraction protocols is to evaluate the quantity and the quality of the
extracted miRNAs. Though the size and abundance of ribosomal RNAs is traditionally used as a quality marker for large RNAs, these RNAs cannot be informative on
the quality of the miRNA extraction and speciﬁc methods are required (e.g., Agilent
Small RNA Kit, synthetic miRNA standards). Moreover the quantiﬁcation of miRNAs is only accurate in samples where larger RNAs are not degraded. The low
concentration of RNAs in body ﬂuids also makes the estimation of miRNAs abundance particularly difﬁcult [85]. Besides, protein and lipid content of plasma and
serum samples could affect efﬁciency of RNA extraction and introduce potential
inhibitors of PCR [86]. This can be estimated using a spiked non-human synthetic
miRNAs (typically from Arabidopsis thaliana or Caenorhabditis elegans) that will
go through the entire RNA isolation procedure and will eventually be measured by
RT-qPCR. Another aspect that should be considered is that the extraction methods
could affect the nature (i.e., nucleotide composition) of the miRNAs extracted.
Notably, depending on the protocol used, the quantity of the biological samples can
impact the GC content of the miRNAs detected [87, 88]. Since these observations
were also made in serum [88] (where large RNAs are barely detected), it is likely
that the selective lost of miRNAs is linked to the presence of additional compounds
(proteins and/or lipids), which are associated with miRNAs. Together these studies
[87, 88] argue for standardization in quantities/volumes of starting materials to
allow strict comparison of miRNA proﬁles. In fact, all these considerations point to
the urgent need of consistency in all the steps of miRNA extraction procedures.
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Analytical aspects also impact the deﬁnition of miRNA signatures. Among them,
normalization of the data, which is required to remove unwanted technical variation
present in the samples, is critical. On common approach is to use other abundant
noncoding RNAs, such as U6 small nuclear RNAs, as normalizers of miRNA
expression. However, the biology of such RNAs is quite distinct from miRNA biology in terms of transcription, processing, and tissue-speciﬁc expression [89]. An
alternative is to use miRNAs whose expression is supposed to be stable in various
conditions. However, this strategy can be limited by the fact that the chosen reference miRNAs are sensitive to other biological processes and/or other diseases commonly encountered in clinics. In that case, the expression of the normalizer miRNAs
could ﬂuctuate in patients and introduce serious bias. In fact miRNA levels are
extremely sensitive to various stimuli and conditions, even nonpathogenic, from
gender [90, 91] and age [92, 93] to nutrients such as amino acids, carbohydrates,
fatty acids, vitamins, and phytochemicals (curcumin, resveratrol) [94, 95]. If clinically relevant, these aspects should be invariably taken into account in the cohort
used to deﬁne a miRNA signature. The ideal strategy would be to restrict potential
miRNA signature to miRNAs whose transcriptional/posttranscriptional regulations
are relevant for the cancer or the chemotherapy considered. This is where translational research meets fundamental research as this strategy clearly depends on a
better understanding of miRNA regulations.

Conclusion
The discovery of miRNAs [96] has opened up new avenues of research in biomedicine, in particular in cancer, and contributed to a large extent to the “Noncoding
RNA revolution” [97]. It is remarkable to note not only the fast rate of fundamental
discoveries made in two decades (illustrated by the exponentially growing number
of publications) but also the velocity with which “miRNA gets to business” [76].
These molecules indeed harbor speciﬁc features (stability, easy manipulation, reasonably simple detection, tissue speciﬁcity) that make them appealing candidates as
diagnostic, prognostic, or theranostic biomarkers and even therapeutic targets [64,
98]. However some uncertainties remain [77, 78] that may prevent their immediate
large-scale exploitation. Collective efforts made by clinicians, academic and industrial researchers are needed to circumvent these limitations and promote the transfer
of miRNAs from bench to bedside.

References
1. Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol Cell Biol.
2009;10:126–39.
2. Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA biogenesis, function
and decay. Nat Rev Genet. 2010;11:597–610.

2

microRNAs and Personalized Medicine: Evaluating Their Potential as Cancer…

11

3. Tran N, Hutvagner G. Biogenesis and the regulation of the maturation of miRNAs. Essays
Biochem. 2013;54:17–28.
4. Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ. Processing of primary microRNAs
by the microprocessor complex. Nature. 2004;432:231–5.
5. Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost P, Radmark O, Kim S, Kim
VN. The nuclear RNase III Drosha initiates microRNA processing. Nature. 2003;425:415–9.
6. Han J, Lee Y, Yeom KH, Kim YK, Jin H, Kim VN. The Drosha-DGCR8 complex in primary
microRNA processing. Genes Dev. 2004;18:3016–27.
7. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 2014;15:509–24.
8. Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of translational
repression and mRNA decay. Nat Rev Genet. 2011;12:99–110.
9. Conrad T, Marsico A, Gehre M, Orom UA. Microprocessor activity controls differential
miRNA biogenesis In Vivo. Cell Rep. 2014;9:542–54.
10. Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, Aravin A, Pfeffer S, Rice A, Kamphorst AO,
Landthaler M, Lin C, Socci ND, Hermida L, Fulci V, Chiaretti S, Foa R, Schliwka J, Fuchs U,
Novosel A, Muller RU, Schermer B, Bissels U, Inman J, Phan Q, Chien M, Weir DB, Choksi R, De
Vita G, Frezzetti D, Trompeter HI, Hornung V, Teng G, Hartmann G, Palkovits M, Di Lauro R,
Wernet P, Macino G, Rogler CE, Nagle JW, Ju J, Papavasiliou FN, Benzing T, Lichter P, Tam W,
Brownstein MJ, Bosio A, Borkhardt A, Russo JJ, Sander C, Zavolan M, Tuschl T. A mammalian
microRNA expression atlas based on small RNA library sequencing. Cell. 2007;129:1401–14.
11. Saini HK, Grifﬁths-Jones S, Enright AJ. Genomic analysis of human microRNA transcripts.
Proc Natl Acad Sci U S A. 2007;104:17719–24.
12. Fujita S, Iba H. Putative promoter regions of miRNA genes involved in evolutionarily conserved regulatory systems among vertebrates. Bioinformatics. 2008;24:303–8.
13. Marsico A, Huska MR, Lasserre J, Hu H, Vucicevic D, Musahl A, Orom U, Vingron
M. PROmiRNA: a new miRNA promoter recognition method uncovers the complex regulation
of intronic miRNAs. Genome Biol. 2013;14:R84.
14. Ozsolak F, Poling LL, Wang Z, Liu H, Liu XS, Roeder RG, Zhang X, Song JS, Fisher
DE. Chromatin structure analyses identify miRNA promoters. Genes Dev. 2008;22:3172–83.
15. Marson A, Levine SS, Cole MF, Frampton GM, Brambrink T, Johnstone S, Guenther MG,
Johnston WK, Wernig M, Newman J, Calabrese JM, Dennis LM, Volkert TL, Gupta S, Love J,
Hannett N, Sharp PA, Bartel DP, Jaenisch R, Young RA. Connecting microRNA genes to the
core transcriptional regulatory circuitry of embryonic stem cells. Cell. 2008;134:521–33.
16. Corcoran DL, Pandit KV, Gordon B, Bhattacharjee A, Kaminski N, Benos PV. Features of
mammalian microRNA promoters emerge from polymerase II chromatin immunoprecipitation
data. PLoS One. 2009;4, e5279.
17. Chien CH, Sun YM, Chang WC, Chiang-Hsieh PY, Lee TY, Tsai WC, Horng JT, Tsou AP,
Huang HD. Identifying transcriptional start sites of human microRNAs based on highthroughput sequencing data. Nucleic Acids Res. 2011;39:9345–56.
18. Chen D, Fu LY, Zhang Z, Li G, Zhang H, Jiang L, Harrison AP, Shanahan HP, Klukas C, Zhang
HY, Ruan Y, Chen LL, Chen M. Dissecting the chromatin interactome of microRNA genes.
Nucleic Acids Res. 2014;42:3028–43.
19. Georgakilas G, Vlachos IS, Paraskevopoulou MD, Yang P, Zhang Y, Economides AN,
Hatzigeorgiou AG. microTSS: accurate microRNA transcription start site identiﬁcation reveals
a signiﬁcant number of divergent pri-miRNAs. Nat Commun. 2014;5:5700.
20. Saumet A, Vetter G, Bouttier M, Portales-Casamar E, Wasserman WW, Maurin T, Mari B,
Barbry P, Vallar L, Friederich E, Arar K, Cassinat B, Chomienne C, Lecellier CH. Transcriptional
repression of microRNA genes by PML-RARA increases expression of key cancer proteins in
acute promyelocytic leukemia. Blood. 2009;113:412–21.
21. Hua S, Kittler R, White KP. Genomic antagonism between retinoic acid and estrogen signaling
in breast cancer. Cell. 2009;137:1259–71.
22. Saumet A, Vetter G, Bouttier M, Antoine E, Roubert C, Orsetti B, Theillet C, Lecellier
CH. Estrogen and retinoic acid antagonistically regulate several microRNA genes to control
aerobic glycolysis in breast cancer cells. Mol Biosyst. 2012;8:3242–53.

12

A. Saumet and C.-H. Lecellier

23. Viswanathan SR, Daley GQ, Gregory RI. Selective blockade of microRNA processing by
Lin28. Science. 2008;320:97–100.
24. Mori M, Triboulet R, Mohseni M, Schlegelmilch K, Shrestha K, Camargo FD, Gregory
RI. Hippo signaling regulates microprocessor and links cell-density-dependent miRNA biogenesis to cancer. Cell. 2014;156:893–906.
25. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs modulate hematopoietic lineage differentiation. Science. 2004;303:83–6.
26. Waltering KK, Porkka KP, Jalava SE, Urbanucci A, Kohonen PJ, Latonen LM, Kallioniemi
OP, Jenster G, Visakorpi T. Androgen regulation of micro-RNAs in prostate cancer. Prostate.
2011;71:604–14.
27. Wang WL, Chatterjee N, Chittur SV, Welsh J, Tenniswood MP. Effects of 1alpha,25 dihydroxyvitamin D3 and testosterone on miRNA and mRNA expression in LNCaP cells. Mol
Cancer. 2011;10:58.
28. Kulshreshtha R, Ferracin M, Wojcik SE, Garzon R, Alder H, Agosto-Perez FJ, Davuluri R, Liu
CG, Croce CM, Negrini M, Calin GA, Ivan M. A microRNA signature of hypoxia. Mol Cell
Biol. 2007;27:1859–67.
29. Iorio MV, Croce CM. Causes and consequences of microRNA dysregulation. Cancer
J. 2012;18:215–22.
30. Croce CM. Causes and consequences of microRNA dysregulation in cancer. Nat Rev Genet.
2009;10:704–14.
31. Pencheva N, Tavazoie SF. Control of metastatic progression by microRNA regulatory networks. Nat Cell Biol. 2013;15:546–54.
32. Liu C, Kelnar K, Liu B, Chen X, Calhoun-Davis T, Li H, Patrawala L, Yan H, Jeter C, Honorio
S, Wiggins JF, Bader AG, Fagin R, Brown D, Tang DG. The microRNA miR-34a inhibits
prostate cancer stem cells and metastasis by directly repressing CD44. Nat Med.
2011;17:211–5.
33. Huang Q, Gumireddy K, Schrier M, le Sage C, Nagel R, Nair S, Egan DA, Li A, Huang G, KleinSzanto AJ, Gimotty PA, Katsaros D, Coukos G, Zhang L, Pure E, Agami R. The microRNAs miR373 and miR-520c promote tumour invasion and metastasis. Nat Cell Biol. 2008;10:202–10.
34. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006;6:857–66.
35. He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S, Powers S, CordonCardo C, Lowe SW, Hannon GJ, Hammond SM. A microRNA polycistron as a potential
human oncogene. Nature. 2005;435:828–33.
36. Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee KH, Feldmann G,
Yamakuchi M, Ferlito M, Lowenstein CJ, Arking DE, Beer MA, Maitra A, Mendell
JT. Transactivation of miR-34a by p53 broadly inﬂuences gene expression and promotes apoptosis. Mol Cell. 2007;26:745–52.
37. Wang D, Gu J, Wang T, Ding Z. OncomiRDB: a database for the experimentally veriﬁed oncogenic and tumor-suppressive microRNAs. Bioinformatics. 2014;30:2237–8.
38. Li Y, Qiu C, Tu J, Geng B, Yang J, Jiang T, Cui Q. HMDD v2.0: a database for experimentally
supported human microRNA and disease associations. Nucleic Acids Res. 2014;42:D1070–4.
39. Johnson DG. The paradox of E2F1: oncogene and tumor suppressor gene. Mol Carcinog.
2000;27:151–7.
40. Rowland BD, Bernards R, Peeper DS. The KLF4 tumour suppressor is a transcriptional repressor of p53 that acts as a context-dependent oncogene. Nat Cell Biol. 2005;7:1074–82.
41. Liang J, Mills GB. AMPK: a contextual oncogene or tumor suppressor? Cancer Res.
2013;73:2929–35.
42. Toker A, Chin YR. Akt-ing up on SRPK1: oncogene or tumor suppressor? Mol Cell. 2014;54:
329–30.
43. Lobry C, Oh P, Mansour MR, Look AT, Aifantis I. Notch signaling: switching an oncogene to
a tumor suppressor. Blood. 2014;123:2451–9.
44. Pineau P, Volinia S, McJunkin K, Marchio A, Battiston C, Terris B, Mazzaferro V, Lowe SW,
Croce CM, Dejean A. miR-221 overexpression contributes to liver tumorigenesis. Proc Natl
Acad Sci U S A. 2010;107:264–9.

2

microRNAs and Personalized Medicine: Evaluating Their Potential as Cancer…

13

45. Felli N, Fontana L, Pelosi E, Botta R, Bonci D, Facchiano F, Liuzzi F, Lulli V, Morsilli O, Santoro
S, Valtieri M, Calin GA, Liu CG, Sorrentino A, Croce CM, Peschle C. MicroRNAs 221 and 222
inhibit normal erythropoiesis and erythroleukemic cell growth via kit receptor down-modulation.
Proc Natl Acad Sci U S A. 2005;102:18081–6.
46. Mishra PJ, Banerjee D, Bertino JR. MiRSNPs or MiR-polymorphisms, new players in
microRNA mediated regulation of the cell: Introducing microRNA pharmacogenomics. Cell
Cycle. 2008;7:853–8.
47. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, Aldler H, Rattan S, Keating M,
Rai K, Rassenti L, Kipps T, Negrini M, Bullrich F, Croce CM. Frequent deletions and downregulation of micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia.
Proc Natl Acad Sci U S A. 2002;99:15524–9.
48. Lopez-Serra P, Esteller M. DNA methylation-associated silencing of tumor-suppressor
microRNAs in cancer. Oncogene. 2012;31:1609–22.
49. Thornton JE, Gregory RI. How does Lin28 let-7 control development and disease? Trends Cell
Biol. 2012;22:474–82.
50. Blenkiron C, Goldstein LD, Thorne NP, Spiteri I, Chin SF, Dunning MJ, Barbosa-Morais NL,
Teschendorff AE, Green AR, Ellis IO, Tavare S, Caldas C, Miska EA. MicroRNA expression proﬁling of human breast cancer identiﬁes new markers of tumor subtype. Genome Biol. 2007;8:R214.
51. Avery-Kiejda KA, Braye SG, Forbes JF, Scott RJ. The expression of Dicer and Drosha in
matched normal tissues, tumours and lymph node metastases in triple negative breast cancer.
BMC Cancer. 2014;14:253.
52. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, Visone R, Iorio M, Roldo C,
Ferracin M, Prueitt RL, Yanaihara N, Lanza G, Scarpa A, Vecchione A, Negrini M, Harris CC,
Croce CM. A microRNA expression signature of human solid tumors deﬁnes cancer gene
targets. Proc Natl Acad Sci U S A. 2006;103:2257–61.
53. Di Leva G, Croce CM. miRNA proﬁling of cancer. Curr Opin Genet Dev. 2013;23:3–11.
54. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, Magri E, Pedriali M, Fabbri
M, Campiglio M, Menard S, Palazzo JP, Rosenberg A, Musiani P, Volinia S, Nenci I, Calin
GA, Querzoli P, Negrini M, Croce CM. MicroRNA gene expression deregulation in human
breast cancer. Cancer Res. 2005;65:7065–70.
55. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, Sweet-Cordero A, Ebert BL,
Mak RH, Ferrando AA, Downing JR, Jacks T, Horvitz HR, Golub TR. MicroRNA expression
proﬁles classify human cancers. Nature. 2005;435:834–8.
56. Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu M, Wojcik SE, Iorio MV, Visone R,
Sever NI, Fabbri M, Iuliano R, Palumbo T, Pichiorri F, Roldo C, Garzon R, Sevignani C,
Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M, Croce CM. A MicroRNA signature associated with prognosis and progression in chronic lymphocytic leukemia. N Engl
J Med. 2005;353:1793–801.
57. Lowery AJ, Miller N, Devaney A, McNeill RE, Davoren PA, Lemetre C, Benes V, Schmidt S,
Blake J, Ball G, Kerin MJ. MicroRNA signatures predict oestrogen receptor, progesterone
receptor and HER2/neu receptor status in breast cancer. Breast Cancer Res. 2009;11:R27.
58. Ruepp A, Kowarsch A, Schmidl D, Bruggenthin F, Brauner B, Dunger I, Fobo G, Frishman G,
Montrone C, Theis FJ. PhenomiR: a knowledgebase for microRNA expression in diseases and
biological processes. Genome Biol. 2010;11:R6.
59. Goswami CP, Nakshatri H. PROGmiR: a tool for identifying prognostic miRNA biomarkers in
multiple cancers using publicly available data. J Clin Bioinforma. 2012;2:23.
60. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, Barbisin M, Xu NL,
Mahuvakar VR, Andersen MR, Lao KQ, Livak KJ, Guegler KJ. Real-time quantiﬁcation of
microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005;33, e179.
61. Friedlander MR, Lizano E, Houben AJ, Bezdan D, Banez-Coronel M, Kudla G, Mateu-Huertas
E, Kagerbauer B, Gonzalez J, Chen KC, LeProust EM, Marti E, Estivill X. Evidence for the
biogenesis of more than 1,000 novel human microRNAs. Genome Biol. 2014;15:R57.
62. Londin E, Loher P, Telonis AG, Quann K, Clark P, Jing Y, Hatzimichael E, Kirino Y, Honda S,
Lally M, Ramratnam B, Comstock CE, Knudsen KE, Gomella L, Spaeth GL, Hark L, Katz LJ,

14

63.
64.
65.

66.

67.
68.
69.

70.

71.

72.

73.

74.
75.
76.
77.
78.
79.

80.

A. Saumet and C.-H. Lecellier
Witkiewicz A, Rostami A, Jimenez SA, Hollingsworth MA, Yeh JJ, Shaw CA, McKenzie SE,
Bray P, Nelson PT, Zupo S, Van Roosbroeck K, Keating MJ, Calin GA, Yeo C, Jimbo M,
Cozzitorto J, Brody JR, Delgrosso K, Mattick JS, Fortina P, Rigoutsos I. Analysis of 13 cell
types reveals evidence for the expression of numerous novel primate- and tissue-speciﬁc
microRNAs. Proc Natl Acad Sci U S A. 2015;112:E1106–15.
Etheridge A, Lee I, Hood L, Galas D, Wang K. Extracellular microRNA: a new source of
biomarkers. Mutat Res. 2011;717:85–90.
Heneghan HM, Miller N, Kerin MJ. MiRNAs as biomarkers and therapeutic targets in cancer.
Curr Opin Pharmacol. 2010;10:543–50.
Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, Peterson A,
Noteboom J, O’Briant KC, Allen A, Lin DW, Urban N, Drescher CW, Knudsen BS, Stirewalt DL,
Gentleman R, Vessella RL, Nelson PS, Martin DB, Tewari M. Circulating microRNAs as stable
blood-based markers for cancer detection. Proc Natl Acad Sci U S A. 2008;105:10513–8.
Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y, Chen J, Guo X, Li Q, Li X, Wang
W, Wang J, Jiang X, Xiang Y, Xu C, Zheng P, Zhang J, Li R, Zhang H, Shang X, Gong T, Ning
G, Zen K, Zhang CY. Characterization of microRNAs in serum: a novel class of biomarkers for
diagnosis of cancer and other diseases. Cell Res. 2008;18:997–1006.
Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood AK, Calin GA. MicroRNAs
in body ﬂuids--the mix of hormones and biomarkers. Nat Rev Clin Oncol. 2011;8:467–77.
Chevillet JR, Lee I, Briggs HA, He Y, Wang K. Issues and prospects of microRNA-based
biomarkers in blood and other body ﬂuids. Molecules. 2014;19:6080–105.
Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R, Lovat F, Fadda P, Mao C,
Nuovo GJ, Zanesi N, Crawford M, Ozer GH, Wernicke D, Alder H, Caligiuri MA, Nana-Sinkam
P, Perrotti D, Croce CM. MicroRNAs bind to Toll-like receptors to induce prometastatic
inﬂammatory response. Proc Natl Acad Sci U S A. 2012;109:E2110–6.
Zhou W, Fong MY, Min Y, Somlo G, Liu L, Palomares MR, Yu Y, Chow A, O’Connor ST,
Chin AR, Yen Y, Wang Y, Marcusson EG, Chu P, Wu J, Wu X, Li AX, Li Z, Gao H, Ren X,
Boldin MP, Lin PC, Wang SE. Cancer-secreted miR-105 destroys vascular endothelial barriers
to promote metastasis. Cancer Cell. 2014;25:501–15.
Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer
of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell
Biol. 2007;9:654–9.
Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. MicroRNAs are transported in plasma and delivered to recipient cells by high-density lipoproteins. Nat Cell Biol.
2011;13:423–33.
Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, Mitchell PS, Bennett
CF, Pogosova-Agadjanyan EL, Stirewalt DL, Tait JF, Tewari M. Argonaute2 complexes carry
a population of circulating microRNAs independent of vesicles in human plasma. Proc Natl
Acad Sci U S A. 2011;108:5003–8.
Russo F, Di Bella S, Nigita G, Macca V, Lagana A, Giugno R, Pulvirenti A, Ferro A. miRandola: extracellular circulating microRNAs database. PLoS One. 2012;7, e47786.
Lagana A, Forte S, Giudice A, Arena MR, Puglisi PL, Giugno R, Pulvirenti A, Shasha D, Ferro
A. miRo: a miRNA knowledge base. Database (Oxford). 2009;2009:bap008.
Mack GS. MicroRNA gets down to business. Nat Biotechnol. 2007;25:631–8.
Leidner RS, Li L, Thompson CL. Dampening enthusiasm for circulating microRNA in breast
cancer. PLoS One. 2013;8, e57841.
Jarry J, Schadendorf D, Greenwood C, Spatz A, van Kempen LC. The validity of circulating
microRNAs in oncology: ﬁve years of challenges and contradictions. Mol Oncol. 2014;8:819–29.
Cheng HH, Yi HS, Kim Y, Kroh EM, Chien JW, Eaton KD, Goodman MT, Tait JF, Tewari M,
Pritchard CC. Plasma processing conditions substantially inﬂuence circulating microRNA biomarker levels. PLoS One. 2013;8, e64795.
Wang K, Yuan Y, Cho JH, McClarty S, Baxter D, Galas DJ. Comparing the MicroRNA
spectrum between serum and plasma. PLoS One. 2012;7, e41561.

2

microRNAs and Personalized Medicine: Evaluating Their Potential as Cancer…

15

81. Kirschner MB, Edelman JJ, Kao SC, Vallely MP, van Zandwijk N, Reid G. The impact of
hemolysis on cell-free microRNA biomarkers. Front Genet. 2013;4:94.
82. Kirschner MB, Kao SC, Edelman JJ, Armstrong NJ, Vallely MP, van Zandwijk N, Reid
G. Haemolysis during sample preparation alters microRNA content of plasma. PLoS One.
2011;6, e24145.
83. Blondal T, Jensby Nielsen S, Baker A, Andreasen D, Mouritzen P, Wrang Teilum M, Dahlsveen
IK. Assessing sample and miRNA proﬁle quality in serum and plasma or other bioﬂuids.
Methods. 2013;59:S1–6.
84. Pritchard CC, Kroh E, Wood B, Arroyo JD, Dougherty KJ, Miyaji MM, Tait JF, Tewari
M. Blood cell origin of circulating microRNAs: a cautionary note for cancer biomarker studies. Cancer Prev Res (Phila). 2012;5:492–7.
85. Tzimagiorgis G, Michailidou EZ, Kritis A, Markopoulos AK, Kouidou S. Recovering circulating extracellular or cell-free RNA from bodily ﬂuids. Cancer Epidemiol. 2011;35:580–9.
86. Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis of circulating microRNA biomarkers
in plasma and serum using quantitative reverse transcription-PCR (qRT-PCR). Methods.
2010;50:298–301.
87. Kim YK, Yeo J, Kim B, Ha M, Kim VN. Short structured RNAs with low GC content are
selectively lost during extraction from a small number of cells. Mol Cell. 2012;46:893–5.
88. Monleau M, Bonnel S, Gostan T, Blanchard D, Courgnaud V, Lecellier CH. Comparison of
different extraction techniques to proﬁle microRNAs from human sera and peripheral blood
mononuclear cells. BMC Genomics. 2014;15:395.
89. Chugh P, Dittmer DP. Potential pitfalls in microRNA proﬁling. Wiley Interdiscip Rev RNA.
2012;3:601–16.
90. Morgan CP, Bale TL. Sex differences in microRNA regulation of gene expression: no smoke,
just miRs. Biol Sex Differ. 2012;3:22.
91. Sharma S, Eghbali M. Inﬂuence of sex differences on microRNA gene regulation in disease.
Biol Sex Differ. 2014;5:3.
92. Lai CY, Wu YT, Yu SL, Yu YH, Lee SY, Liu CM, Hsieh WS, Hwu HG, Chen PC, Jeng SF,
Chen WJ. Modulated expression of human peripheral blood microRNAs from infancy to adulthood and its role in aging. Aging Cell. 2014;13:679–89.
93. Noren Hooten N, Fitzpatrick M, Wood 3rd WH, De S, Ejiogu N, Zhang Y, Mattison JA, Becker
KG, Zonderman AB, Evans MK. Age-related changes in microRNA levels in serum. Aging
(Albany NY). 2013;5:725–40.
94. Palmer JD, Soule BP, Simone BA, Zaorsky NG, Jin L, Simone NL. MicroRNA expression
altered by diet: can food be medicinal? Ageing Res Rev. 2014;17:16–24.
95. Garcia-Segura L, Perez-Andrade M, Miranda-Rios J. The emerging role of MicroRNAs in the
regulation of gene expression by nutrients. J Nutrigenet Nutrigenomics. 2013;6:16–31.
96. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small
RNAs with antisense complementarity to lin-14. Cell. 1993;75:843–54.
97. Cech TR, Steitz JA. The noncoding RNA revolution-trashing old rules to forge new ones. Cell.
2014;157:77–94.
98. Hauptman N, Glavac D. MicroRNAs and long non-coding RNAs: prospects in diagnostics and
therapy of cancer. Radiol Oncol. 2013;47:311–8.

Chapter 3

microRNA and Pain
Atsushi Sakai and Hidenori Suzuki

Abstract Pain is an important protective system that alerts organisms to actual or
possible tissue damage. However, a variety of pathologies can lead to chronic pain
that is no longer beneﬁcial. Lesions or diseases of the somatosensory nervous system cause intractable neuropathic pain that occasionally lasts even after the original
pathology subsides. Chronic inﬂammatory diseases like arthritis are also associated
with severe pain. Because conventional analgesics such as non-steroidal antiinﬂammatory drugs and opioids have limited efﬁcacy and/or severe adverse events
associated with long-term use, chronic pain remains a major problem in clinical
practice. Recently, causal roles of microRNAs in chronic pain and their therapeutic
potential have been emerging. microRNA expressions are altered not only at the
primary origin of pain, but also along the somatosensory pathways. Notably,
microRNA expressions are differentially affected depending on the causes of
chronic pain. This chapter summarizes current insights into the roles of microRNAs
in pain based on the underlying pathologies.
Keywords Arthritis • Cancer pain • Inﬂammatory pain • Neuropathic pain
• Somatosensory pathways

Introduction
In general, pain is elicited by nociceptive stimuli applied to the body or through
pathology in an internal organ, and is perceived in the brain [1]. A subset of primary
afferents, or nociceptors, detect various forms of nociceptive stimuli, including
mechanical, thermal (hot or cold), and chemical stimuli, in the body surface (skin),
deep tissue, viscera, and others. Primary afferents are the axons of primary sensory
neurons referred to as dorsal root ganglion (DRG) or trigeminal ganglion (TG) neurons after the locations of their cell bodies. Thus, a subset of DRG and TG neurons
are the ﬁrst-line nociceptive neurons that detect noxious stimuli and tissue lesions,
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while another subset of DRG neurons detect non-noxious stimuli such as tactile stimuli.
Once stimulated, DRG and TG neurons transduce sensory stimuli into electrical signals
and transmit these signals to the spinal and medullary dorsal horns, respectively. The
sensory information is then synaptically transmitted to spinal neurons and considerably modulated by a complex spinal network interconnected with excitatory and
inhibitory interneurons, descending axons from the brainstem and glial cells (microglia
and astrocytes) [2, 3]. The processed sensory information is further transmitted
through direct or indirect connections to multiple brain areas, including not only
somatosensory cortices, but also limbic systems and other cortices. The somatosensory
cortices are mainly involved in the sensory aspects of pain such as intensity and location,
while the limbic systems are involved in the affective and emotional aspects of pain as
well as pain perception and attention [4].
Although pain is an essential protective system that alerts organisms to actual or
possible tissue damage, unnecessary or long-lasting pain is debilitating and requires
medical intervention. In particular, chronic pain is a major clinical problem because
conventional analgesics such as nonsteroidal anti-inﬂammatory drugs and opioids
have problems associated with long-term treatment. In addition, neuropathic pain, a
form of chronic pain caused by lesions or diseases of the somatosensory system, is
no longer beneﬁcial, and is poorly controlled by the currently available analgesics
[5]. However, there are many obstacles for the development of ideal analgesics.
Processing of nociceptive information is readily disrupted in injured or pathological
conditions through neural plasticity that develops at multiple points along the sensory circuits [1, 6]. These changes in nociceptive processing can occur over a wide
range of time scales (acute to chronic) and at multiple levels in molecules, synapses,
cells, and networks [2]. For example, hyperexcitability of primary sensory neurons
is commonly observed in pathological pain and is caused by changes in the expression level, intracellular distribution, and posttranslational modulation of ion channels,
such as voltage-gated sodium channels [7]. In the spinal dorsal horn, aberrant
processing of sensory inputs occurs through neuronal or synaptic changes such as
long-term potentiation and disinhibition and contributes to pathological pain with
both spinal and peripheral origins [8]. Consistent with these long-term changes in
the nociceptive pathway, there is increasing evidence that epigenetic mechanisms
such as DNA methylation, histone modiﬁcation, and miRNA expressions are implicated in chronic pain syndromes [9]. On the other hand, spinal glial cells, especially
microglia and astrocytes, are also recognized as major players in pain modulation
by regulating neurotransmission and neuroinﬂammation [10]. In the brain, nociceptive inputs negatively affect emotion, cognition, and motivation, most notably in the
chronic pain state, and chronic pain is correlated with comorbid cognitive, mood
and anxiety disorders [11]. Reciprocally, the cortical activity underlying these
higher brain functions can affect pain perception [12, 13].
Critical roles of microRNAs (miRNAs) have been emerging in the development
and pathophysiology of the nervous system [14–16], including chronic pain [17].
miRNA dysregulation leads to abnormal neuronal excitability through regulation of
ion channel expressions [18]. Speciﬁc deletion of Dicer in nociceptive DRG neurons resulted in expression changes of three nociceptor-enriched voltage-gated
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sodium channels, NaV1.7, NaV1.8, and NaV1.9 [19]. Accordingly, miRNA expressions
are globally changed in various pain states in the DRG, spinal cord, and brain
regions such as the limbic system and prefrontal cortex. However, chronic pain can
arise from a variety of pathologies, including damage to the somatosensory system,
cancers, musculoskeletal and visceral disorders and genetic diseases, and consequently the miRNA expression proﬁles are highly distinctive depending on the
causes. In this chapter, we discuss the roles of miRNAs in pain based on the underlying pathologies.

miRNAs in Acute Pain
Acute pain is evoked by a wide range of nociceptive stimuli, including incisions and
exposure to irritants, and is rarely sustained for a long time. Postoperative incisional
pain is a common form of acute pain associated with clinical concern. Skin incisions penetrating the underlying muscle were reported to downregulate miR-203
expression in keratinocytes [20]. Substance P, a well-known neuropeptide involved
in pain transmission, mediated the miR-203 downregulation after an incision.
Phospholipase A2-activating protein in keratinocytes was identiﬁed as a candidate
target of miR-203 to cause mechanical allodynia following an incision. Thus,
peripherally released substance P may act on keratinocytes to upregulate phospholipase A2-activating protein through miR-203 downregulation, and may be involved
in incisional pain.
Noxious stimuli associated with various chemical irritants were shown to acutely
affect miRNA expressions and pain behaviors. miR-1 was detected in nearly all DRG
neurons [21], and was upregulated in the DRG, but not in the dorsal spinal cord, at
10 min after subcutaneous injection of capsaicin, an agonist for the heat-activated
receptor TRPV1 [22]. Axotomy also increased miR-1 expression in the DRG at 1
day postoperatively, while other painful procedures, such as subcutaneous complete
Freund’s adjuvant (CFA) injection and partial sciatic nerve ligation, decreased its
expression within 1 day [22]. Interestingly, bone cancer increased miR-1 expression
at 8 days after tumor cell implantation, while inhibition of miR-1 function suppressed
the mechanical hypersensitivity associated with bone cancer [23]. Although several
pain-related genes are predicted to be targets of miR-1 [22], it remains unclear how
these targets contribute to an acute pain state as well as bone cancer pain. Besides
miR-1, subcutaneous capsaicin injection increased miR-16 expression in the DRG,
but decreased it in the dorsal spinal cord [22]. Although miR-16 is predicted to target
several pain-related genes, such as brain derived-neurotrophic factor (BDNF) [24],
mitogen-activated protein kinase (MAPK) 3 [25], and TRPC3 [26], the actual contribution of miR-16 to pain remains unknown.
Intraplantar formalin injection, which is commonly used to induce acute spontaneous pain behaviors, was shown to decrease miR-124a expression in putative nociceptive spinal neurons and non-nociceptive DRG neurons [27]. MeCP2, a
transcriptional regulator involved in inﬂammatory pain [28, 29], appears to be an
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important miR-124 target gene. The 3′-UTR of MeCP2 mRNA was directly targeted
by miR-124, as examined by luciferase assays. MeCP2 expression, which was
observed in spinal cells expressing miR-124, was upregulated following formalin or
miR-124 inhibitor treatment, but downregulated following miR-124 mimic treatment. Furthermore, BDNF, which promotes nociceptive transmission in the dorsal
horn, is a well-known MeCP2 target gene, and was downregulated by intrathecal
administration of an miR-124 mimic in intact mice. Accordingly, intrathecal administration of a miR-124 mimic reduced the second phase of formalin-induced pain. On
the other hand, intrathecal miR-124 treatment was shown to alleviate persistent or
chronic pain induced by carrageenan injection and peripheral nerve injury [30],
although it was not clariﬁed whether miR-124 expression was reduced in these pain
conditions. Thus, miR-124 downregulation appears to be involved not only in acute
pain, but also in chronic pain.
miRNAs also contribute to acute pain through unconventional mechanisms of
action. Park et al. [31] showed that let-7b was released from cultured DRG neurons
upon acute neuronal excitation with a variety of stimuli including formalin, capsaicin, and ionomycin. Extracellular let-7b excited nociceptor neurons through binding
to Toll-like receptor (TLR) 7, which is activated by single-stranded RNAs to initiate
innate immune responses [32], with subsequent activation of the cold-activated
receptor TRPA1 on nociceptive neurons. Accordingly, intraplantar injection of let7b elicited rapid spontaneous pain, while injection of its inhibitor reduced formalininduced spontaneous pain. Thus, besides their well-known roles in translational
modulation, miRNAs could be released from DRG neurons and induce rapid excitation of nociceptive neurons as signal transmitters for peripheral and spinal neurons
as well as microglia and astrocytes, thereby contributing to sensitization of the
nociceptive pathway.

miRNAs in Neuropathic Pain: The Peripheral Nervous System
Lesions or diseases of the somatosensory system such as the primary afferents and
spinal cord cause intractable neuropathic pain that can become chronic. In clinical
practice, DRG and TG neurons are the principal origins of neuropathic pain observed
in traumatic injury, herpes zoster, diabetes, or cancer chemotherapy, and their functional changes are involved in both the initiation and maintenance of chronic neuropathic pain [33].
Microarray and deep-sequencing analyses revealed massive changes in miRNA
expressions in the DRG following a variety of peripheral nerve injuries, including
nerve transection [34–41], chronic constriction injury (CCI) [42], nerve crush [43],
spared nerve injury [44], and spinal nerve ligation [45–47]. Nerve injury also
changed the miRNA expressions in the proximal and/or distal sciatic nerves, which
possibly reﬂect the miRNA expressions in the axons of DRG neurons and/or
Schwann cells [36, 48, 49]. Several miRNA expression levels in serum were also
reported to be changed [50, 51]. Although peripheral nerve injury causes massive
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changes in miRNAs, the functional relevance of a large proportion of these miRNAs
remains putative. Notably, the dicer-miRNA pathway is critical for peripheral nerve
regeneration and functional recovery in vivo and regenerative axonogenesis in vitro
[52]. Some miRNAs that have been validated in pain behaviors are reviewed below.
miR-1 expression in the DRG varies depending on the type of peripheral nerve
injury. Kusuda et al. [22] ﬁrst showed that miR-1 was downregulated in the DRG
after partial sciatic nerve ligation, but upregulated after axotomy of the sciatic nerve.
Norcini et al. [44] showed that sural nerve injury downregulated miR-1 expression
in the DRG, while tibial nerve injury upregulated its expression. They suggested
that miR-1 downregulation is involved in the development of chronic pain based on
their ﬁndings that sural nerve injury induced chronic neuropathic pain, while tibial
nerve injury induced transient neuropathic pain. As described earlier, miR-1 expressions were also upregulated by capsaicin injection, axotomy, and bone cancer [22,
23]. Furthermore, inhibition of miR-1 suppressed bone cancer pain [23]. Therefore,
the roles of miR-1 in pain appear to be complicated and variable depending on the
causes of the pain. On the other hand, miR-1 may also be involved in recovery from
nerve injury because transfection of an miR-1 mimic into cultured DRG neurons
attenuated neurite outgrowth [21].
miR-7a plays a key role in the late phase of neuropathic pain through regulation
of neuronal excitability in DRG neurons [45]. miR-7a was mainly expressed in
small cell-sized neurons, which are considered to be nociceptive neurons. Following
spinal nerve ligation, miR-7a expression was decreased in DRG neurons only in the
late phase of neuropathic pain. Adeno-associated virus (AAV) serotype 6 vectormediated overexpression of miR-7a in DRG neurons suppressed the maintenance,
but not the development, of neuropathic pain, while functional blockade of miR-7a
in intact rats caused pain-related behaviors. On the other hand, miR-7a overexpression had no effect on acute or CFA-induced inﬂammatory pain, consistent with the
lack of expression changes in miR-7a observed in inﬂammatory pain. As a responsible target of miR-7a, the β2 subunit of voltage-gated sodium channels, which
affects the cell surface expression of these channels and leads to increased neuronal
excitability [53, 54], was identiﬁed. β2 subunit expression was increased by nerve
injury or miR-7a blockade. Accordingly, miR-7a normalized the hyperexcitability
of nociceptive DRG neurons in the neuropathic pain state.
miR-182-96-183 is a miRNA cluster that includes three distinct miRNAs (miR-182,
miR-96, and miR-183) located close to one another on the genome, and is possibly
transcribed as a single common primary transcript. All three cluster members were
highly enriched in the DRG and were downregulated in DRG neurons after spinal
nerve ligation [55]. Accordingly, miR-96 and miR-183 were shown to suppress neuropathic pain induced by traumatic peripheral nerve injury [56, 57]. miR-96 was
decreased in parallel with NaV1.3 upregulation in the DRG after nerve injury.
Intrathecal administration of miR-96 suppressed NaV1.3 expression in association
with alleviation of neuropathic pain [56]. Similarly, miR-183 was decreased in association with increased NaV1.3 and BDNF mRNA expressions. Intrathecal administration of a lentiviral vector encoding miR-183 suppressed NaV1.3 and BDNF
mRNA expressions as well as neuropathic pain [57]. It remains unknown whether
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these miRNAs directly target NaV1.3 and BDNF. NaV1.3, BDNF, substance P, and
voltage-dependent calcium channel subunit α2δ1 were predicted to be targets for
these cluster members in silico [55].
miR-21 is one of the well-characterized oncogenic miRNAs upregulated in
almost all kinds of carcinoma cells [58]. miR-21 also has a wide range of physiological and pathological functions, including roles in the immune system and cardiovascular diseases [59]. In the DRG, miR-21 was consistently upregulated in almost
all neurons after various nerve injuries, including axotomy [34, 35], CCI [60], nerve
crush [48], and spinal nerve injury [60]. Continued miR-21 upregulation was
observed, even at 6 months after sciatic nerve denervation [40]. Intrathecal administration of an miR-21 inhibitor suppressed the late phase of neuropathic pain [60].
On the other hand, miR-21 expression in the DRG was unchanged in an inﬂammatory pain condition induced by CFA injection (unpublished data). Conversely, serum
miR-21 expression was decreased in rats after spinal nerve ligation [50]. In DRG
neurons, miR-21 was found to be involved in cellular responses to neuronal damage
as well as neuropathic pain. miR-21 enhanced axonal growth of DRG neurons
in vitro [34] and inhibited apoptosis of cultured DRG neurons [61], suggesting that
miR-21 contributes to functional recovery from nerve injury. Furthermore, the
molecular mechanisms underlying miR-21 regulation have been investigated. miR21 expression was upregulated in the DRG following intrathecal injection of interleukin (IL)-1β [60] and in cultured DRG neurons treated with IL-6 [61]. Meanwhile,
nerve growth factor, a well-known neurotrophic factor for a subpopulation of DRG
neurons, increased miR-21 expression in PC12 cells [62].

miRNAs in Neuropathic Pain: The Spinal Cord
Peripheral nerve injury affects miRNA expressions not only in DRG neurons, but
also in neurons and glial cells in the spinal cord and brain. Although these cells were
spared direct injury, robust synaptic inputs and cytokine signaling from primary
afferents were established to affect these spinal cells to induce synaptic plasticity
and glial activation [10]. Accordingly, changes in miRNA expressions have been
reported in the dorsal spinal cord in peripheral neuropathy caused by traumatic
peripheral nerve injury [42, 63, 64] or streptozotocin-induced diabetes [65].
miR-103 was the ﬁrst well-characterized miRNA in the neuropathic pain context
[66]. Those authors found that all three subunits, Cav1.2-α1, Cav1.2-α2δ1, and
Cav1.2-β1, comprising CaV1.2 L-type calcium channels, which underlie the longterm plastic changes in chronic neuropathic pain [67], were direct targets for miR-103.
Indeed, miR-103 functionally modulated calcium transients in cultured spinal neurons. Spinal nerve injury decreased miR-103 expression, which was enriched in neurons in superﬁcial laminae of the dorsal horn, and increased the mRNA expressions of
calcium channel subunits. Intrathecal application of miR-103 reduced the increased
calcium channel expressions. In line with these results, intrathecal miR-103 application alleviated neuropathic pain.
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Neuroinﬂammation is a consistently observed phenomenon after neuronal damage
and its development in the spinal dorsal horn is critically associated with hyperalgesia.
Spinal glial cells, microglia, and astrocytes were activated in a variety of chronic pain
states and released cytokines to facilitate nociceptive transmission [10]. miR-155,
which is intensively involved in the regulation of inﬂammation-associated diseases
[68], was upregulated in the spinal cord following CCI [69] and in osteoarthritis [70],
although the spinal cells expressing miR-155 remain unknown. Intrathecal administration of an miR-155 inhibitor attenuated neuropathic pain and suppressed the
increases in proinﬂammatory cytokine expressions, including IL-1β and IL-6.
Increases in IκBα protein expression and p38 MAPK phosphorylation following CCI
were also suppressed by the miR-155 inhibitor. As a candidate target, suppressor of
cytokine signaling 1 (SOCS1) was shown to be directly suppressed by miR-155.
Accordingly, SOCS1 was decreased in the spinal cord and this decrease was reversed
by intrathecal miR-155 inhibition.
Autophagy, a critical regulator of neuroinﬂammation [71], was found to be
dysregulated in the spinal cord following peripheral nerve injury and intrathecal
injection of an autophagy inhibitor, chloroquine, induced mechanical hyperalgesia
[72]. Accordingly, miR-195 was reported to mediate neuroinﬂammation and neuropathic pain through autophagy regulation [73]. miR-195 was upregulated in the
dorsal spinal cord and isolated spinal microglia after spinal nerve ligation. Putative
autophagic activity assessed by LC3 expression in isolated spinal microglia was
decreased by spinal nerve ligation and increased by an miR-195 inhibitor. In primary cultures of spinal microglia, miR-195 enhanced the induction of two proinﬂammatory cytokines, IL-1β and tumor necrosis factor-α, after treatment with
lipopolysaccharide, although miR-195 alone could not induce these cytokine
expressions. Intrathecal administration of a miR-195 inhibitor suppressed neuropathic pain and the analgesic effect was impaired by another autophagy inhibitor,
3-methyladenine. ATG14, an important regulator of autophagy [74], was identiﬁed
as a direct target of miR-195. Thus, miR-195 upregulation appears to contribute to
neuropathic pain via enhancement of neuroinﬂammation by autophagy inhibition.
miR-203 expression was decreased in the dorsal spinal cord, but not in the DRG,
hippocampus or anterior cingulate cortex, following bilateral CCI [42, 75]. The
Rap1a 3′-UTR was identiﬁed as a target of miR-203 in vitro, although the actual
target sequence was not determined [75]. In addition, Rap1a was increased in the
dorsal spinal cord following bilateral CCI. Because Rap1a is a Ras family member
involved in synaptic plasticity [76] and was previously shown to be increased in the
spinal cord following noxious stimulation with formalin [77], miR-203 may be
involved in neuropathic pain development [75].
Spinal cord injury is another clinical condition associated with neuropathic pain
and causes global miRNA expression changes [78–82]. Although some miRNAs
were shown to be involved in key processes of spinal cord injury that lead to functional deﬁcits including cell death, inﬂammation, and astrogliosis [83], the involvement of these miRNA expression changes in neuropathic pain is largely unknown.
miR-124 was found to be decreased [79, 80] or unchanged [84, 85] in the spinal
cord following spinal cord injury. Intermittent electrical stimulation of the tail
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decreased miR-124 expression in the contused dorsal spinal cord of rats [85]. Given
that intrathecal miR-124 treatment reduced formalin- and carrageenan-induced pain
and neuropathic pain caused by peripheral nerve injury as described above, miR-124
may also alleviate neuropathic pain caused by spinal cord injury.

miRNAs in Inflammation-Induced Superficial Pain
Inﬂammation that occurs in or just below the skin causes persistent pain in the body
surface, which disappears upon dissipation of the inﬂammation. Peripheral inﬂammation impacts on the neural and glial functions of the DRG, spinal cord, and brain,
similar to the case for neuropathic pain. Microarray and TaqMan array analyses were
performed in the TG [86], spinal cord [87], and hippocampus [88] following peripheral tissue inﬂammation. Notably, DRG neuron-speciﬁc deletion of Dicer was shown
to attenuate inﬂammatory pain induced by intraplantar injection of carrageenan and
CFA [19], suggesting the importance of miRNAs in inﬂammatory pain.
miR-124 promotes a quiescent state in microglia [89] and alters the functions of
spinal microglia in pain transmission. Willemen et al. [30] showed that hyperalgesia
induced by intraplantar injection of the pro-inﬂammatory cytokine IL-1β caused a
shift from a transient pain state to a persistent pain state in microglia/macrophagespeciﬁc GRK2 heterozygous (LysM-GRK2+/−) mice in association with reduced
miR-124 expression in isolated spinal microglia. Intrathecal miR-124 treatment
suppressed the increased and decreased marker expressions for pro-inﬂammatory
(M1-type) and anti-inﬂammatory (M2-type) macrophages, respectively, in the spinal cord. miR-124 prevented the transition to persistent hyperalgesia induced by
intraplantar IL-1β in LysM-GRK2+/− mice, although it did not have any effect on the
course of hyperalgesia in wild-type mice. On the other hand, miR-124 attenuated
inﬂammatory pain induced by intraplantar carrageenan injection in wild-type mice.
Therefore, miR-124 downregulation may be a common causative change in various
types of persistent pain conditions.
Epigenetically suppressed expression of miR-219 was reported to regulate
inﬂammatory pain [87]. miR-219 expression was downregulated in spinal neurons
after intraplantar CFA injection. Intrathecal administration of an miR-219 mimic or
lentiviral vector encoding miR-219 alleviated hyperalgesia in CFA-injected mice,
while intrathecal administration of a lentiviral vector encoding an miR-219 sponge
(inhibitor) induced hyperalgesia in intact mice. CaMKIIγ was identiﬁed as a
miR-219 target gene responsible for pain modulation. miR-219 inhibited CaMKIIγ
upregulation after CFA injection, while miR-219 inhibition promoted CaMKIIγ
expression. In addition, hyperalgesia induced by the miR-219 sponge was suppressed by CaMKIIγ siRNA treatment. Furthermore, NMDAR1 (GluN1), a major
CaMKIIγ substrate, was involved in miR-219-CaMKIIγ-dependent hyperalgesia.
Interestingly, hypermethylation of the miR-219 promoter played a role in miR-219
downregulation and hyperalgesia, suggesting the importance of epigenetic modulation of miR-219 in the chronicity of inﬂammatory pain.
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Several other miRNAs have been proposed as modulators of inﬂammatory pain,
although their exact contributions to pain remain speculative. miR-134 undergoes
biphasic changes in DRG and TG neurons after CFA injection, exhibiting downregulation followed by upregulation [90, 91]. Ni et al. [91] identiﬁed μ-opioid
receptors, which showed upregulated expression in DRG neurons after CFA injection, as a direct target of miR-134 in vitro. Since many other miRNAs and μ-opioid
receptor were reported to regulate each other, miRNAs may be extensively involved
in the modulation of opioid analgesia and anti-nociceptive tolerance [92]. On the
other hand, miR-125a-3p expression was downregulated in the TG soon after CFA
injection into the orofacial skin [86]. Luciferase assays showed that miR-125a-3p
targeted the 3′-UTR of the p38 MAPK gene in ND8/34 cells, a hybrid cell line of
rat DRG neurons and mouse neuroblastoma. In their study, p38 MAPK protein was
upregulated in the TG after CFA injection [86], although the p38 MAPK phosphorylation level, but not the protein level, was shown to increase and cause inﬂammatory pain [93]. Finally, miR-183, a member of the miR-182-96-183 cluster
reportedly involved in neuropathic pain as described above, was also downregulated
in the TG after CFA injection [86, 90].

miRNAs in Arthritic Pain
Arthritis is a joint disease that manifests severe pain as a major symptom. Osteoarthritis
is the most prevalent degenerative joint disease associated with progressive loss of
articular cartilage. Rheumatoid arthritis is a chronic, immune-mediated, inﬂammatory disease that primarily affects joints. Expression changes in a variety of miRNAs
were reported in the joints and validated in the pathogenesis of both forms of arthritis
[94–97]. However, the miRNA expressions in the somatosensory system in arthritis
are largely unknown.
Using microarray analyses, Li et al. [70] reported the miRNA expression changes
in the spinal cord of rats with osteoarthritis induced by medial meniscus transection.
Among the miRNAs in the microarray, miR-146a downregulation was validated by
quantitative PCR in the spinal cord as well as in the DRG, although the miR-146aexpressing cell types were not determined. Expression changes in miR-146a were
also reported in other painful conditions. miR-146a was increased in the spinal cord
following spinal cord injury [81, 84, 85], but decreased in DRG neurons in a diabetic
peripheral neuropathy model [98]. Microarray analyses showed that miR-146a was
upregulated in the DRG after sciatic nerve axotomy [35] and spinal nerve injury [45].
miR-146a is known to play roles in innate immune responses and inﬂammation [99,
100] and is downregulated in affected cartilage in osteoarthritis patients [101, 102].
Accordingly, a miR-146a mimic suppressed lipopolysaccharide- or IL-1β-induced
upregulation of inﬂammatory mediators including proinﬂammatory cytokines (IL-1β
and IL-6) and TLRs in BV2 cells, a microglial cell line, and primary cultured astrocytes. Interestingly, a single nucleotide polymorphism of miR-146a was suggested to
be associated with susceptibility to juvenile idiopathic arthritis-enthesitis-related
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arthritis in an Indian population [103]. Therefore, miR-146a may provide an efﬁcient
means to suppress glia-mediated neuroinﬂammation, although the contribution of
miR-146a per se to pain caused by arthritis remains unknown.

miRNAs in Visceral Pain
Visceral pain arises from an enormous range of diseases associated with inﬂammation, mechanical stresses, cancers, or unknown causes. Microarray or TaqMan array
analyses revealed miRNA dysregulation in colonic biopsies [104] and whole-blood
samples [105] from patients with irritable bowel syndrome (IBS) and bladder biopsies from patients with bladder pain syndrome (BPS) [106]. However, reports on the
involvement of miRNAs in visceral pain have been limited thus far to a few chronic
pain syndromes [107].
miR-199a and miR-199b were downregulated in colonic biopsies from patients
with diarrhea-predominant IBS and the miR-199a expression level was inversely
correlated with the visceral pain score [104]. TRPV1 was upregulated in the colon
of patients with IBS and was identiﬁed as a target of miR-199a in vitro. miR-199a
expression was also decreased in the colon and DRG of rats with intracolonic infusion of 2,4,6-trinitrobenzene sulfonic acid, a well-established colitis model with
visceral hypersensitivity. Intraperitoneal injection of a lentiviral vector encoding
miR-199a attenuated nociceptive responses to colonic distension in association with
TRPV1 reduction in the DRG and colon. In contrast to the downregulation in IBS,
miR-199a was upregulated in BPS [106]. miR-199a was expressed in the bladder
smooth muscles as well as in urothelial cells [108]. miR-199a directly targeted
mRNAs encoding LIN7C, ARHGAP12, PALS1, RND1, and PVRL1 and regulated
intercellular junctions of urothelial cells.
miR-29a was increased in the blood microvesicles, duodenum, and colon of IBS
patients with increased intestinal membrane permeability [109]. miR-29a enhanced
epithelial permeability in human epithelial cell lines from the colon and small intestine. Glutamine synthase, which was downregulated in IBS patients, was directly
targeted by miR-29a. Glutamine synthase catalyzes the conversion of ammonia and
glutamate to glutamine and decreased levels of intestinal glutamine synthetase are
thought to lead to low levels of available glutamine and increased intestinal membrane permeability. Since siRNA-mediated glutamine synthase inhibition also
increased the epithelial permeability in vitro and a glutamine supplement reversed
the increased intestinal permeability in IBS, miR-29a plausibly modulates increased
intestinal permeability in IBS.
In chronic visceral pain caused by zymosan-induced neonatal cystitis, a dozen
miRNAs were shown to be modulated in the dorsal spinal cord of adult rats [110].
Among them, miR-181 was upregulated in the spinal cells of adult rats with neonatal cystitis, while the GABAA receptor α1 subunit, a target of miR-181, was downregulated. Accordingly, oblique muscle responses to colorectal distension in adult
rats with neonatal saline treatment and heightened muscle responses in adult rats
with adult zymosan treatment were attenuated by intrathecal injection of a GABAA
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receptor agonist, muscimol, while heightened muscle responses in adult rats with
neonatal zymosan treatment were unaffected. The authors suggested that miRNAmediated downregulation of GABAA receptors following neonatal cystitis resulted
in loss of inhibitory tone in the adult spinal cord, leading to long-lasting visceral
hypersensitivity.
TaqMan array analyses for miRNA expression proﬁles showed that 28 miRNAs
were upregulated and three miRNAs were downregulated in bladder dome biopsies
from patients with BPS [106]. Four upregulated miRNAs (miR-320, miR-328, miR449b, and miR-550) were shown to decrease NK1 receptor expression levels and/or
SP-induced intracellular calcium increases. Accordingly, NK1 receptor expression
was decreased in the bladder dome of patients with BPS, although the physiological
signiﬁcance of NK1 receptor downregulation in BPS remains unclear.

miRNAs in Cancer Pain
Although miRNA functions have been intensively investigated in cancers, the
involvement of miRNAs in cancer pain is poorly understood. In bone cancer pain
caused by injection of tumor cells into the calcaneus bone, 57 miRNAs were shown
to be changed by more than 2.5-fold in the DRG using microarray analyses [23].
Three upregulated miRNAs were examined to elucidate their functional signiﬁcance. Intrathecal injection of inhibitors for miR-1a-3p or miR-34c-5p attenuated
the mechanical hypersensitivity, while inhibition of miR544-3p was ineffective. On
the other hand, three downregulated miRNAs showed distinct effects on bone cancer pain.
miR-370-3p and miR-483-3p mimics enhanced and inhibited, respectively, the
mechanical allodynia accompanying bone cancer, while miR-291b-5p had no
effects. Chloride channel, voltage-sensitive 3 (CLCN3) was expressed in DRG neurons including peptidergic and non-peptidergic putative nociceptive neurons, and
played roles in regulating the amount of neurotransmitter and the release probability
of synaptic vesicles in hippocampal glutamatergic neurons [111]. CLCN3, a direct
target of miR-1a-3p, was downregulated after tumor cell implantation and upregulated by an miR-1a-3p inhibitor. Although the detailed relationship between CLCN3
and cancer pain is unknown, knockdown of CLCN3 by siRNA injection enhanced
cancer pain. Given that miR-1a-3p was also shown to be upregulated in the DRG
after axotomy and capsaicin injection [22], miR-1a-3p may be additionally involved
in pain conditions other than cancer.

miRNAs in Other Pain Conditions
miRNA expression changes have been reported in body ﬂuid samples from patients
with other intractable pain conditions, although their pathological signiﬁcance is
uncertain. In patients with complex regional pain syndrome, the miRNA expression
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proﬁles in blood samples were examined for their correlations with pain levels,
comorbidities, and medications [112]. Four miRNAs (miR-296-5p, miR-361-3p,
miR-532-3p, and miR-30d) were found to be correlated with pain levels, while
many other miRNAs were correlated with comorbidities such as high blood pressure, high cholesterolemia, headache, thyroid disease, and hypoesthesia. Other
miRNAs were correlated with use of narcotics and antiepileptic medications, while
miR-192 was correlated with both thyroid disease and use of epileptic drugs.
Regarding patients with ﬁbromyalgia, the miRNA expression proﬁles in their
cerebrospinal ﬂuid and serum have been reported [113, 114]. In cerebrospinal ﬂuid
collected from the lumbar region of female patients, nine miRNAs including miR21 and miR-195 were signiﬁcantly decreased compared with healthy controls.
Among them, miR-145-5p was positively correlated with the levels of pain and
fatigue [114]. In serum samples collected from female patients, seven miRNAs
were signiﬁcantly lower and one miRNA was higher compared with those from
healthy women. Several miRNAs were correlated with pain levels or sleep quality,
and notably miR-103a-3p was correlated with both pain and sleep quantity [113].
Finally, the miRNA expression proﬁles in serum samples from patients with
migraine were compared between attacks and pain-free periods, and the comparisons revealed that 32 miRNAs were aberrantly expressed [115]. Among the top four
miRNAs with the highest fold changes, miR-382-5p and possibly miR-29c-5p were
also increased during pain-free periods compared with matched healthy controls.

Brain miRNAs in Pain Conditions
Pain signiﬁcantly impacts on higher brain functions, including cognitive, mood and
anxiety disorders [116]. In fact, functional MRI studies in humans indicated altered
activities in many brain regions in individuals with chronic pain [4]. Pain-related
changes were even documented at the single-cell level in the brain [117]. Therefore,
through modulation of cellular functions, miRNAs potentially underlie the altered
brain functions in pain conditions. Indeed, miRNA expressions were reportedly
changed in multiple brain regions in chronic pain conditions, although the functional signiﬁcance of miRNAs remains largely unknown.
The nucleus accumbens is thought to be involved in the rewarding of pain relief
and motivation [118, 119]. In the nucleus accumbens, miR-200b and miR-429 expressions were decreased in the neuropathic pain state with a concomitant increase in the
protein expression of DNA methyltransferase 3a (DNMT3a), a putative target for
these miRNAs [120]. The authors suggested that increased DNMT3a associated with
decreased miRNA-200b/429 clusters in the nucleus accumbens may produce negative
emotions along with dysfunction of the “mesolimbic motivation/valuation circuitry.”
In the hippocampus, the expressions of many miRNAs, such as miR-132 and miR125b, were changed in neuropathic and inﬂammatory pain conditions [88, 121].
Interestingly, a wide range of chronic pain conditions with different pathogeneses
may share similar miRNA dysregulation at the higher central nervous system level
because the modulated miRNAs markedly overlapped one another in neuropathic and
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inﬂammatory pain conditions. In the prefrontal cortex, miR-155 and miR-223
expressions were reported to increase after facial carrageenan injection [122].
Meanwhile, let-7 family members (let-7a, let-7c, and let-7g) were shown to increase
in the mouse brain after chronic morphine treatment [123], although the distribution
of the miRNA expressions in the brain was undetermined. On the other hand, the let-7
family members directly targeted μ-opioid receptors. Intracerebroventricular treatment with a let-7 inhibitor attenuated the antinociceptive tolerance that developed
with chronic use of morphine. Therefore, let-7 upregulation in the brain may mediate
opioid tolerance by targeting μ-opioid receptors.
Table 3.1 summarizes miRNAs involved in several pain-related conditions.

Other Noncoding RNAs in Pain
Long noncoding RNAs that exceed 200 nucleotides have also been implicated in
neuronal development and diseases including neuropathic pain through transcriptional regulation [124]. Microarray analyses of long noncoding RNAs were performed in the DRG of rats with sciatic nerve resection and revealed that 105 long
noncoding RNAs were differentially expressed [125]. A long noncoding RNA,
BC089918, was downregulated in DRG neurons after axotomy. BC089918 knockdown with siRNAs promoted neurite outgrowth of cultured DRG neurons. The antisense RNA of potassium channel, voltage-gated shaker-related subfamily A,
member 2 (Kcna2) mRNA is a well-characterized long noncoding RNA that contributes to neuropathic pain by silencing Kcna2 in primary afferent neurons [126].
A Kcna2 antisense RNA was expressed in DRG neurons containing low amounts of
Kcna2 protein. Kcna2 mRNA and protein were downregulated following nerve
injury, while Kcna2 antisense RNA was upregulated, and these changes predominantly occurred in large DRG neurons. Accordingly, Kcna2 antisense RNA overexpression in the intact DRG decreased Kcna2 mRNA and protein expressions.
Kcna2-related currents recorded from freshly dissociated DRG neurons were found
to be reduced by Kcna2 antisense RNA overexpression. In addition, Kcna2 antisense RNA overexpression increased neuronal excitability, with increased resting
membrane potential, reduced current threshold for spikes, and increased number of
action potentials evoked by electrical stimulation. Finally, Kcna2 antisense RNA
overexpression produced mechanical and cold hypersensitivities, while a Kcna2
sense fragment attenuated neuropathic pain by blocking the antisense RNA
upregulation.

miRNA Potential for Clinical Application in Pain
In animal experiments, functional modulation of miRNAs has been revealed to suppress pain in various diseases. Given the conservation of miRNAs and their target
sequences among species and several results from human samples, miRNAs can be
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attractive molecular targets for pain medication. However, major obstacles, such as
drug delivery, must be overcome for the clinical development of miRNA-related
analgesics.
Oral or transdermal administration is well tolerated and preferable in most
patients on cancer pain management, as recommended by the WHO. However, the
current miRNA-related drugs are not available as oral or transdermal formulations
and require fundamental innovations, although chemical modiﬁcations have
improved the stability of nucleic acid medicines. Furthermore, even if miRNArelated drugs can enter the systemic circulation, it is not expected that the miRNAs
will be delivered in sufﬁcient amounts to sensory neurons, especially central nervous system neurons. In this point, gene transfer may be a preferable means for
long-term treatment of chronic pain, although safety remains a critical concern
[127]. Modiﬁed lentivirus [128], AAV [45, 129], and herpes simplex virus [130]
vectors were shown to be efﬁciently transduced to sensory neurons and to persistently express their transgenes. In addition, gene therapy can be applied in a sitespeciﬁc manner to avoid systemic adverse effects. On the other hand, exosomes, as
naturally occurring membranous microvesicles carrying RNAs, represent another
vehicle for RNA medicines. Exosomes are formed and secreted by numerous types
of cells and can be transported to other cells. In fact, systemic injection of modiﬁed
exosomes was reported to deliver the contained molecules, including siRNAs, to
neurons, microglia, and oligodendrocytes in the mouse brain [131]. In addition,
injection of exosomes derived from macrophages attenuated thermal hyperalgesia
and swelling induced by intraplantar CFA injection [132], suggesting the therapeutic potential of exosomes. Overall, the development of an appropriate drug delivery
system is a critical issue for clinical application of miRNA-related analgesics.
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Chapter 4

microRNA and Epilepsy
Cristina R. Reschke and David C. Henshall

Abstract Epilepsy is a common, serious neurological disease characterized by
recurring seizures. Such abnormal, excessive synchronous ﬁring of neurons arises
in part because of imbalances in excitation and inhibition in the brain. The process
of epileptogenesis, during which the normal brain is transformed after injury to one
capable of generating spontaneous seizures, is associated with large-scale changes
in gene expression. These contribute to the remodelling of brain networks that permanently alters excitability. Components of the microRNA (miRNA) biogenesis
pathway have been found to be altered in brain tissue from epilepsy patients and
experimental epileptogenic insults result in select changes to miRNAs regulating
neuronal microstructure, cell death, inﬂammation, and ion channels. Targeting key
miRNAs has been shown to alter brain excitability and suppress or exacerbate seizures, indicating potential for miRNA-based therapeutics in epilepsy. Altered
miRNA proﬁles in bioﬂuids may be potentially useful biomarkers of epileptogenesis. In summary, miRNAs represent an important layer of gene expression control in
epilepsy with therapeutic and biomarker potential.
Keywords Biomarker • Epileptogenesis • Hippocampus • Neurodegeneration •
Status epilepticus

Introduction
Epilepsy is the most common neurological disease of childhood and adolescence
and the second most common in adulthood after stroke. It is a chronic disease characterized by recurrent seizures, which are caused by sudden, usually brief, excessive electrical discharges in a group of neurons in the brain. The clinical manifestation
of a seizure can vary from a brief lapse of attention or muscle jerks, to severe and
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prolonged convulsions. Several mechanisms underlying the process that transforms
the normal brain into one that generates spontaneous recurrent seizures are known
[1, 2]. However, much remains unknown about the observed changes as cause or
consequence of epilepsy, and how they mutually interact. Identifying the involved
pathways and the molecular mechanisms coordinating gene expression is crucial to
a better understanding of the pathogenic process and to develop new treatment
approaches.
Seizures in a majority of patients can be successfully prevented with antiepileptic drugs (AED) but nearly one-third of patients are resistant to currently available
therapies. Novel treatments are urgently needed for this patient group. In addition,
we need anti-epileptogenic treatments that can prevent epilepsy developing in atrisk patients, for example, following insults to the brain that lead to epilepsy (e.g.,
traumatic brain injury). Or a treatment which modiﬁes the disease’s natural course,
slowing progression and alleviating symptoms rather than acting simply to suppress
seizures as do conventional AEDs.
microRNAs (miRNA) are an endogenous class of small noncoding RNAs that
play an important role in multiple biological processes via posttranscriptional control of gene expression. They mainly function to reduce protein levels in cells
through sequence-speciﬁc binding to target mRNAs, leading to transcript degradation or translational repression. The brain has an abundant and diverse contingent of
miRNAs, which are crucial for normal development, and establishment and maintenance of cell phenotype. Acute and chronic nervous system diseases, including epilepsy, are associated with mis-regulation of key components of the miRNA
biogenesis pathway and altered expression of miRNA. The ﬁrst reports on epilepsy
and miRNA appeared in 2010, followed by large-scale miRNA proﬁling studies
characterizing the alterations in miRNA expression in experimental and human epilepsy. More recently, functional studies in rodents have shown single miRNAs can
exert powerful effects on brain excitability, seizures, and epilepsy.
The present chapter provides an overview on epilepsy followed by a focus on the
main discoveries on miRNA biogenesis and expression in experimental and human
epilepsy. Thereafter, functional studies of epilepsy-related miRNAs will be
described focusing on those with proven effects in promoting epilepsy and candidate drug and/or targets for prevention or modiﬁcation of the disease.

Epilepsy
Epilepsy is a brain disease characterized by an enduring predisposition to generate
seizures, and by neurological, cognitive, and psychological consequences inherent
of this condition [3, 4]. It is estimated that around 65 million people worldwide have
epilepsy [5]. Seizures are the hallmarks of epilepsy, and have been deﬁned by the
International League Against Epilepsy (ILAE) as “a transient occurrence of signs
and/or symptoms due to abnormal excessive or synchronous neuronal activity in the
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brain” [6]. Seizures are believed to result from an imbalance between excitatory
and inhibitory neurotransmission. It may be focally limited to an area or cerebral
hemisphere (focal epileptic seizures) or appear bilaterally (generalized epileptic seizures) [4]. Clinically, focal seizures present features such as discrete motor movements, automatisms, altered awareness, and responsiveness. Generalized seizures
are related with tonic-clonic, atonic, myoclonic and absence seizures, as well as loss
of consciousness [3].
Most seizures last only a few minutes or less, terminating due to endogenous
anticonvulsant mechanisms in the brain (which are themselves poorly understood).
Status epilepticus (SE) is a life-threatening, neurologic emergency previously
deﬁned as “seizure that persists for a sufficient length of time or is repeated frequently enough that recovery between attacks does not occur” [7]. It has been shown
that seizures that do not spontaneously terminate within 5–10 min are unlikely to
end without pharmacological intervention [8, 9]. Therefore, SE has been clinically
deﬁned as a seizure longer than 5 min or more than one seizure within a 5 min
period without recovery of consciousness [10]. If seizures persist for 30 min or
more this can produce irreversible brain injury [11].
Epilepsies are often classiﬁed according to their causes as: (1) genetic, where
genetic factors have a major causal role in the disease (with Mendelian or complex
patterns of inheritance or the result of de novo mutations); (2) structural or metabolic, where acquired epilepsy is the result of changes in neuronal network excitability that follow an initial precipitating insult to the brain (i.e., traumatic brain
injury (TBI), stroke, tumor, developmental malformations, febrile seizures); and (3)
unknown or idiopathic, where no cause has been identiﬁed [12, 13].

Epidemiology
The incidence of epilepsy shows signiﬁcant differences between developing compared with developed countries. This is due to the high levels of parasitic infections,
untreated childhood epilepsy, and problems during childbirth [14]. In Africa and
South America the highest incidence of epilepsy is in young adults [4]. In developed
countries, epilepsy is more common in children (congenital) and the elderly (associated with chronic conditions, such as tumors and Alzheimer’s disease) [15].
There does not appear to be a strong sex difference in the risk of epilepsy,
although there is a lack of consistency among the majority of incidence studies.
Generally, incidence of epilepsy or of unprovoked seizures is more prevalent in
males than in females (50.7 vs. 46.2 per 100,000, respectively) [16, 17]. It has been
reported that males are more predisposed to develop partial epilepsies [18, 19], and
it is associated with the higher prevalence of lesional epilepsy in men than women
[18]. In contrast, cryptogenic temporal lobe epilepsy (TLE) seems to be more prevalent in females [18, 19]. Recent reviews suggest these differences only exist in some
forms of epilepsy [20], and are not prominent.
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Diagnosis
Epilepsy is not always easily diagnosed. An accurate diagnosis requires a clear differentiation between seizures and other factors that may alter consciousness, and
discrimination between spontaneous unprovoked seizures from provoked seizures.
It is necessary to classify seizure type and epilepsy syndrome, determining etiology
where possible, age of onset of seizure, EEG patterns and brain imaging proﬁles,
and associated behavior. Prognosis can vary widely from benign syndromes which
resolve in later childhood to life-threatening epileptic encephalopathies. While a
delay in the diagnosis of authentic epilepsy seldom causes problems, a false-positive diagnosis may have serious implications for the patient [21]. Unfortunately,
cases of misdiagnosis are common worldwide—around 20–30 % of patients.
Aiming to reduce these rates, an ILAE Task Force formulated conceptual deﬁnitions of “seizure” and “epilepsy” [6], which have been recently adapted into a global
concept and translated into practical deﬁnitions [3]. It has been proposed that epilepsy is a brain disease deﬁned by any of the following conditions: “(1) At least two
unprovoked seizures occurring more than 24 h apart; (2) one unprovoked seizure
and a probability of further seizures similar to the general recurrence risk (at least
60 %) after two unprovoked seizures, occurring over the next 10 years; (3) diagnosis of an epilepsy syndrome.” Epilepsy might be considered resolved (but not necessarily cured) for patients who either had an age-dependent epilepsy syndrome but
are now past the applicable age, or who have remained seizure- and medication-free
for the last 10 and 5 years, respectively [3]. An epilepsy diagnosis does not obligatorily require treatment. Conversely, the decision for treatment may be prophylactic
considering predisposition for more seizures.

Treatment
Phenobarbital was introduced in 1912 as the ﬁrst modern antiseizure medication
followed by phenytoin. Second generation treatments included carbamazepine,
acetazolamide, and sodium valproate and were introduced between 1950s and
1960s. A further surge in new AEDs, the so-called third generation, appeared in the
1990s. These included vigabatrin, lamotrigine, topiramate, levetiracetam, oxcarbazepine, zonisamide, gabapentin, pregabalin, and lacosamide.
Generally, around 70 % of patients with epilepsy achieve seizure freedom with
the ﬁrst prescribed antiseizure medication. Choice of ﬁrst-line drug takes into
account factors such as seizure types and syndrome (focal vs. generalized), age and
sex (childbearing age, pregnancy, breast-feeding), and drug interactions (i.e.,
patients with learning disability or under other medications). The majority of AEDs
share one or more mechanism of action in common. These are enhancing inhibitory
(γ-amino butyric acid; GABA) transmission, suppressing excitatory signaling, or
blocking voltage-dependent ion channels. However, AEDs with other mechanisms
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of action are known, including levetiracetam which targets part of the synaptic vesicle release machinery [22]. Perampanel, which acts as a selective noncompetitive
antagonist of AMPA receptors, is the most recently licensed adjunctive drug [23].
For the remaining ~30 % of patients who are refractory to the currently available
drug treatments (one or more drugs) [24] some may be suitable for nonpharmacological treatments, such as surgical resection and vagus nerve stimulation
(VNS). Unfortunately, surgical removal of the epileptic focus is only suitable for a
minority of the patients. The efﬁcacy of brain stimulation is also suboptimal. VNS
was mainly developed as a palliative treatment for those patients, and only 5 % of
the patients achieve seizure freedom [25].

Experimental Models of Epilepsy
For complete reviews on experimental models of epilepsy the reader is referred
elsewhere [26–29]. Animal models of epilepsy and status epilepticus have been
enormously helpful to understand neuronal mechanisms of normal and abnormal
brain function [30], explore new diagnostic approaches, or to test new therapeutic
targets. There is a wide range of different experimental models available (in vitro
and in vivo) with selection based on the particular questions being asked. Summarily,
animal models can be divided in: (1) acute seizure models—in which an acute ictal
activity is provoked by an insult (i.e., chemical or electrical), allowing researchers
to investigate the fundamental basis of ictal discharges, effects of seizures on the
brain, and seizure termination; (2) chronic epilepsy models—which mimic epilepsy
(mainly TLE), and are relevant to study interictal activity and potential mechanisms
(i.e., excitotoxicity and synaptic reorganization, etc.). In this section, we will brieﬂy
present some of the most widely used models.

Kainic Acid
Kainic acid (KA) is a neurotoxin [31] and structural analogue of glutamate, which
preferentially binds and activates the KA subtype of ionotropic glutamate receptor
[32]. These receptors are abundantly present in the hippocampus (mainly in the
CA3 region), amygdala, perirhinal, and entorhinal cortex [33]. Systemic administration of KA leads to synchronous ﬁring of neurons within the limbic system that
typically develops into status epilepticus. Intrahippocampal [34] and intra-amygdala [35] delivery are also common approaches to trigger seizures which avoids
exposure of the whole brain to the toxin and produces more restricted lesions within
the hippocampus. KA models are considered an important tool to study complex
partial seizures with secondary generalization [4, 36] as well as model epileptogenesis [37, 38]. The prolonged seizures typically produce hippocampal pathology with
similarities to that seen in patients with mesial temporal sclerosis, including loss of
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excitatory and inhibitory neurons and gliosis. Among limitations of this model is the
sometimes poor correlation between motor and electroencephalographic (EEG)
activity, and the inter-strain variability in seizure and histopathological responses
[39, 40].

Pilocarpine
Pilocarpine is a cholinergic muscarinic agonist that is usually delivered by systemic
injection into rodents. Pilocarpine elicits seizures through metabotropic acetylcholine receptors, which are expressed in the hippocampus, striatum, and cortex [41].
However, research suggests that pilocarpine ﬁrst causes a local inﬂammation process and consequent blood–brain barrier (BBB) disruption, which contributes to the
CNS hyperexcitability [42–44]. Seizures induced by pilocarpine have limbic features including facial automatisms and tonic-clonic components which become
long-lasting and develop into SE. Pilocarpine-induced SE typically produces damage to the CA1 and hilar region of the hippocampus but also extensive extra-hippocampal pathology and often high mortality [40].

Pentylenetetrazole
Pentylenetetrazole (PTZ) is a GABAergic antagonist which induces short-lasting
seizures by binding to the benzodiazepine and picrotoxin sites of the GABAA receptor and blocking endogenous inhibitory control in the brain. The drug is given in one
or more systemic injections, and elicits stereotypical behaviors (freezing, myoclonic
twitches, clonic seizures, and tonic-clonic generalized seizures) and corresponding
EEG patterns (i.e., epileptiform spiking). The PTZ model has been popular for
screening putative AEDs but is also suitable for studies of the effects of single seizures on the brain. Other GABAA antagonists (e.g., bicuculline and picrotoxin) are
also used occasionally to produce seizures, working via the same mechanism [40].

Kindling
Kindlingrefers to models in which a progressive and permanent reduction of seizure
threshold is generated in response to intermittent and repeated subconvulsant stimuli (electrical or chemical) [27, 45, 46]. Kindling initially models focal partial seizures; however, with the reduction of seizure threshold precipitates the spread of
seizures to produce a model of complex partial seizures with secondary generalization [27, 47]. Kindling has been successful at identifying mechanisms of epileptogenesis and also for screening AEDs. It has been reported that spontaneous seizures
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can result from the repeated stimulation, but studies have shown conﬂicting ﬁndings and its applicability to human epilepsy is controversial [48].

Mechanisms Underlying Epilepsy
Genetic Mutations
Genetic factors have a major causal role in epilepsy with a number identiﬁed which
have Mendelian (familial) inheritance patterns. Albeit pure epilepsy syndromes are
rare, the study of these mutations has provided great insights into molecular mechanisms of epilepsy [49, 50]. Most familial cases involve mutations in genes encoding
ion channels and neurotransmitter receptors. This ﬁts with our current thinking that
seizures arise due to an imbalance between excitatory and inhibitory pathways. This
does not explain, of course, why seizures are sporadic despite a permanent genetic
mutation. An autosomal dominant mutation in the KCNQ2/3 genes is an example of
benign familial neonatal epilepsy. Hyperexcitability is increased because of reduced
potassium efﬂux during plasma membrane repolarization [49, 51]. Epileptic
encephalopathies are a devastating group of severe childhood epilepsy disorders for
which the cause is often unknown. De novo mutations are those present in an
affected child only and include epileptic encephalopathies such as Lennox-Gastaut
and Dravet syndromes. The majority of Dravet syndrome cases (which are considered an intractable and uncontrollable epilepsy) result from mutations of the SCN1A
gene which encodes a voltage-gated sodium channel [52]. Nevertheless, mutations
have been discovered in genes without obvious links to excitability including topoisomerase II (TOP2), which is involved in DNA stress and repair [53], and ALG13
which encodes an enzyme involved in N-linked glycosylation [52]. Interestingly, a
number of diseases in which epilepsy is a common comorbidity result from mutations in genes closely related with miRNA function. For example, Fragile-X syndrome, a disease which results in epilepsy in about 15 % of the cases, is a result of
mutations in the FMR1 gene, the product of which interacts with proteins involved
in miRNA biogenesis and function [54]. Likewise, deletions of 22q11.2 which
includes DCGR8 (DiGeorge syndrome critical region 8; a microprocessor complex
subunit required for miRNA processing) is directly associated with seizures and
childhood epilepsy [55, 56].

Acquired Epilepsy
Changes in neuronal network excitability may be a consequence of an initial precipitating insult to the brain. Traumatic brain injury, infection, stroke, tumors, and
prolonged febrile seizures are leading causes of acquired epilepsy. TLE is often
attributed to an earlier brain insult and is one of the most common forms of epilepsy
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in humans. This type of epilepsy is generally accompanied by hippocampal sclerosis, which is histopathologically marked by neuronal cell loss, gliosis, and synaptic
reorganization [57, 58]. These changes are thought to be important in the pathogenesis and maintenance of the epileptic state. Here we summarize current concepts on
how cell and molecular changes may promote epileptogenesis.

Neuronal Cell Loss
Neuronal cell death is a common feature in mesial TLE patients’ hippocampi [59].
It is commonly associated with each stage of the epileptogenesis process [60], particularly when the trigger is a traumatic [61] or other brain insult (e.g., SE). Although
select cell death is thought to promote epilepsy, some studies have failed to observe
an antiepileptogenic effect of neuroprotection [62, 63]. Loss of cells may promote
epilepsy by creating an imbalance between excitatory and inhibitory inhibition [64]
or by provoking reactive gliosis and inﬂammation [2]. In line with this view, seizure-mediated neuronal loss is not essential to generate inﬂammation, but proinﬂammatory cytokine release can contribute to cell loss; thus, dying cells may
maintain inﬂammation [2, 65]. Additionally, apoptosis-related signaling pathways
are prominently activated in experimental and human TLE supporting a role of cell
death in epileptogenesis [66, 67].

Neuroinflammation: Microglia and Astrocyte Activation
There is strong evidence to support the involvement of inﬂammatory processes in
the pathogenesis of seizures and epileptogenesis [2, 68, 69], regardless of an
immune-mediated or infectious cause [65]. Expression of genes associated with
inﬂammatory and immune pathways are markedly upregulated in human and experimental TLE [70]. This includes cytokines such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and IL-6, which are rapidly induced in locally activated
astrocytes and microglia [2]. Microglia are the resident immune cells in the CNS
and these cells become activated after brain injury or immunological stimuli [71].
Microglia activation has been frequently found in resected brain tissue from patients
with epilepsy [68, 72] and after experimental SE in rodents [73, 74]. Microglial
activation and the consequent neuroinﬂammation are also linked to the progression
of neurodegeneration [75]. The microglial inﬂammatory response has also been
suggested to promote BBB damage, which further promotes seizures by disrupting
ionic balances, neurotransmitters, and cell metabolism [76].
Astrocytes are highly abundant cells in the brain and are co-responsible for CNS
homeostasis, exerting functions such as structural support, ionic balance and BBB
maintenance, and clearance of neurotransmitters. Human and experimental TLE is
invariably associated with astrocytosis within the seizure focus, which is thought to
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promote ionic and neurotransmitter imbalances and consequent enhancement of
seizure susceptibility [77]. Other pro-inﬂammatory molecules released by glia
include complement factors [78], products of cyclooxygenase (COX)-2 pathway
[68, 79, 80], and damage-activated molecular patterns (DAMPS/danger signals)
such as high mobility group box 1 (HMGB1) [81]. Seizure-induced brain inﬂammation can persist for days after seizure termination [2, 65] leading to transcriptional
events which may contribute to long-lasting decreases in seizure threshold and further promoting neuroinﬂammation [2, 65].
Neuroinﬂammation is not invariably bad for the brain. The brain uses the inﬂammation process to protect cells by ensuring rapid resolution of tissue damage after
injury. For instance, a neuroprotective inﬂammatory response is generated by purinergic receptor signaling after TBI [82]. Also, stress-hormone-dependent mechanisms trigger an ampliﬁcation of Th2 and a suppression of Th1 immune responses
in the brain, which increases the production of anti-inﬂammatory cytokines such as
IL-10 [68].

BBB Disruption
Experimental models and human studies have linked damage and leakage of the
BBB to seizure development [44, 83–85]. Also, it has been shown that the occurrence of seizures and neuroinﬂammation directly enhance BBB permeability.
Summarily, some mechanisms have been proposed to directly link hyperexcitability
and epileptic focus to BBB disruption: (1) Astrocyte activation due to blood-derived
protein extravasation to the CNS [86, 87]; (2) Inﬂammation and enhancement of
leukocyte adhesion proteins [2, 42–44]; (3) Epileptic activity itself that upregulates
the endothelial efﬂux transporter P-glycoprotein, which is an essential BBB gatekeeper [78, 88].

Neuronal Plasticity
The brain is capable of profound structural changes in response to insults. Structural
modiﬁcations involving dendritic and axonal reorganization have been reported in
hippocampi of experimental and human epileptic tissue (reviewed by [77]). Mossy
ﬁber sprouting (MFS)—the growth of new axon collaterals from granule cells of the
dentate gyrus—is a feature observed in tissue from epilepsy patients and experimental models [89–91]. There is also signiﬁcant evidence of dendritic structural
changes in human and rodents hippocampus. In vivo imaging shows both short- and
long-term changes to dendritic spines following seizures and this may modulate
excitability by adding, adjusting the strength, or removing synaptic contacts [96,
97]. However, although this structural reorganization seems to be common, it is not
agreed how important it is for aberrant neuronal networks [92, 93], and remains a
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point of some controversy [94, 95]. Recently, experiments using rapamycin showed
this blocked MFS but did not stop epileptogenesis in TLE [95]. It remains undecided whether MFS promotes or inhibits the occurrence of spontaneous seizures.

microRNAs and CNS
microRNA Biogenesis and Mechanisms of Action
microRNA (miRNA) is a class of small (~22 nucleotides) non-protein-coding RNA
molecules that regulate gene expression either by promoting mRNA degradation or
by attenuating protein translation at the posttranscriptional level [96]. Brieﬂy, miRNAs are initially transcribed as primary transcripts (pri-miRNA) by polymerase II
(Pol II), processed to pre-miRNA and ﬁnally to mature miRNA by the actions of
Drosha and Dicer, respectively. The functional strand of the mature miRNA is
uploaded into the RNA-induced silencing complex (RISC) which contains the protein Argonaute 2 (Ago-2). The RISC-loaded miRNA is then guided to silence a
target mRNA through mRNA degradation or translational inhibition. It is estimated
that a third or more mRNAs are regulated by miRNA, particular those with long
3′UTRs (see Chap. 2 of the volume “microRNA: Basic Science” for a detailed
discussion of miRNA machinery). A given miRNA can have several binding sites
to the same mRNA and a single mRNA may be targeted by multiple miRNAs,
thereby producing stronger effects [97]. In line with this view, a single miRNA is
able to regulate the expression of possibly hundreds of genes, thereby exerting
important effects on cellular functions [98].
Around 50 % of all identiﬁed miRNAs are expressed in the mammalian brain
[99, 100]. Individual miRNAs display speciﬁc cell type and brain region distribution which contributes to their important roles in brain development and function
[101–103]. In the brain, miRNAs and their biogenesis components are selectively
localized within dendrites in addition to the cell soma in neurons. This allows local
and activity-dependent miRNA production and regulation of protein levels at individual synapses [102, 104]. The importance of miRNA in brain development and
function is exempliﬁed by studies of mice with constitutive or conditional deletion
of Drosha or Dicer [105–109]. Deletion of DGCR8 produces a reduction in brain
size and loss of inhibitory synaptic neurotransmission [107, 110]. Ago-2 deﬁciency
in mice results in death during early embryogenesis or mid-gestation [111]. Selective
Dicer ablation in the CNS at later embryonic stages strongly impairs migration of
late-born neurons in the cortex and oligodendrocyte precursor expansion and differentiation in the spinal cord [112].
miRNA biogenesis components have been found to be altered in experimental
and human epilepsy. Whereas Drosha levels were normal in resected hippocampus
from TLE patients [113] and mouse hippocampus soon after SE [113, 114], Dicer
levels were decreased in some sclerotic hippocampi from experimental and human
TLE [113]. Supporting the loss of Dicer as pathogenic, mice lacking Dicer have
been found to develop seizures and neurodegeneration [108]. The mechanism which
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explains the lower Dicer levels in certain TLE hippocampi is unknown but Dicer is
a caspase-3 substrate [115], and caspase-3 is activated in sclerotic hippocampi from
TLE patients [116]. Ago-2 protein levels were found to be higher in hippocampus
and neocortex of TLE patients [113], although were not altered after SE or TLE in
mice [113, 114, 117]. Therefore, alterations in one or more components of the
miRNA biogenesis pathway may directly contribute to epileptogenesis or established epilepsy.

miRNAs Regulate Key Processes in Epilepsy
The ability of individual miRNAs to have several targets within the same cell, and
thus potentially exert effects on multiple pathways, make them attractive to interrupt
or modify epilepsy [118]. Indeed, preclinical tests of compounds targeting single
protein-coding genes have largely failed to disrupt the epileptogenesis process
[119]. It has been shown that certain miRNAs (e.g., miR-132) control several
epileptogenesis-related processes, such as cell death and neuroinﬂammation [120,
121]. Analysis of gene expression in mice lacking miR-128 revealed alterations to
over 100 protein-coding genes including multiple channels and signaling components within the ERK2 signaling network [122]. Recent work has shown that miR92a regulates AMPA receptor expression [123], and miR-128, miR-132, and
miR-134 are implicated in the regulation of dendritic spines, the major contact
points for excitatory communication in the CNS [124]. miR-21 and miR-146a target
inﬂammatory components within innate and adaptive immune responses [125, 126].
miR-21 upregulation is induced by inﬂammatory insults, and several inﬂammatory
targets (i.e., interleukins) were identiﬁed [129]. miR-146a was the ﬁrst inﬂammationassociated miRNA linked to epilepsy [126]. It is the most consistently upregulated
miRNA in epilepsy studies, with enhanced hippocampal levels after SE (experimentally) and in resected hippocampus from intractable TLE patients [126–129]. The
mechanism that induces miR-146a level increases is possibly driven by IL-1β and
inﬂammation-associated transcription factors including nuclear factor kappa B
[129, 130] (see dedicated chapter n. XX in the volume 1).

miRNA Profiling in Status Epilepticus and Epilepsy
Gene expression proﬁling has been a powerful tool to capture the altered molecular
environment of the epileptic brain [119]. Proﬁling studies have investigated relevant
pathways linked to the process of epileptogenesis and epilepsy and many are predicted to be under miRNA control [2, 119, 131]. The majority of experimental data
come from studies which proﬁled miRNA responses in rodent hippocampus shortly
after SE [114, 132–135]. Combined, studies to date have found altered expression
levels of over 100 miRNAs after SE. This number is likely to increase as
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genome-wide and RNAseq studies allow more complete coverage of the miRNAome. The large numbers indicate that perhaps 30–50 % of all miRNAs are
altered in the epileptic brain. These studies also reveal brain-region speciﬁc temporal changes to miRNA expression in the wake of SE (Table 4.1). That is, unique as
well as overlapping miRNA expression responses are found within subﬁelds of the
hippocampus after SE and in chronic epilepsy [133]. It must be remembered, however, that all miRNA proﬁling studies to date have used a tissue “pool” of cells so it
is difﬁcult to know whether the miRNAs are really functional (uploaded to the
RISC) or active in speciﬁc cells types [121]. Moreover, few studies have paired
miRNA proﬁling with analysis of mRNA from the same tissue. Regardless, a subset
of miRNAs with changed expression after SE in at least two proﬁling studies have
emerged. This list includes miRNAs -21, -30c, 125b, -132, -146a, -199a, and -375
among those upregulated and miRNAs -10b, -29a, -98, -181b,c, -374, -381, -450a,
and -497 downregulated. Several appear in multiple studies including miR-132 and
miR-146a which are consistently upregulated across models [114, 132, 133, 135].
In some cases, however, miRNAs have displayed bidirectional responses. For
example, miR-21 has been reported to have protective effects against brain injury
[136] was found down- [135] and upregulated [114].
In addition to expression proﬁling work, a number of studies focused on changes
to individual miRNAs after SE. These include miRNAs -9, -34a, -125a, -134, -145,
-150, and -155 [137–141]. In these cases, expression was invariably examined using
real time quantitative PCR and Taqman-type assays. The insights from such studies
remain rather limited in the absence of evidence of their upload to the RISC or binding to target mRNAs.
A number of studies have proﬁled miRNA changes in experimental epilepsy and
a subset of miRNAs have been repeatedly found to be altered. Levels of miR-146a,
which are consistently increased at later time points after SE [126, 127, 133, 137],
was also reported to be upregulated in the hippocampus of epileptic rats [126]. Song
and collaborators [142] reported that 18 miRNAs were upregulated and 5 miRNAs
were downregulated in rat hippocampus 2 months after pilocarpine-induced SE. This
is a consistent pattern, with upregulation of miRNAs being more common than
downregulation in experimental epilepsy [132]. Others have found miR-146a
increased in epilepsy [132, 138], and other miRNAs upregulated acutely after SE
such as miR-132 and miR-134, remain elevated in established epilepsy [142].
miR-21 again features among the upregulated list in epilepsy [132] and has also been
reported to be increased in models of prolonged seizures in immature rats [139].
A majority of expression proﬁling studies have used PCR- and microarray-based
platforms to proﬁle miRNA responses but a recent study used RNA sequencing.
Unexpectedly, this resulted in rather few signiﬁcantly differentially expressed miRNAs being detected in the hippocampus of epileptic rats (Increased: miR-455-3p,
miR-345-3p, miR-423-3p, miR-54, miR-365-5p; Decreased: miR-296-5p) [143]. It
is likely that small group sizes and low statistical power are responsible for the limited detection of differentially expressed miRNA in this study which should be carefully factored in any future RNAseq work.

4

53

microRNA and Epilepsy

Table 4.1 miRNA expression analyses in experimental and human epilepsy
Species
Rat

Rat

Rat

Mouse

Rat

Rat

Rat

Model/age
Electrical
stimulation
of the
angular
bundle
(adult)
Pilocarpineinduced
status
epilepticus
(adult)

Tissue/brain
region
Hippocampus
(CA3)

Platform
Taqman
assay

Proﬁled
miR146a

Key ﬁndings
Upregulated
Neuronal and
glial expression

Ref.
[126]

Hippocampus
(whole)

μParaﬂo™
microﬂuidic
chip

349
miRNAs

[142]

Pilocarpineinduced
status
epilepticus
(adult)
Intraamygdala
kainic
acidinduced
status
epilepticus
(adult)
Pilocarpineinduced
status
epilepticus
in immature
(P11/12)
rats
Pilocarpineinduced
status
epilepticus
(adult)

Hippocampus
(whole)

Exiqon and
Taqman
arrays

miR-21

23 regulated: 18
up, 5 down
Increased
miR-132, -134,
-146a
Upregulated
Neurotrophin 3
identiﬁed as a
target

Hippocampus
(CA1, CA3)

Taqman
assays

miR-134

Upregulated

[152]

Hippocampus
(whole)

Invitrogen
miRNA
assay

miR146a

Upregulated

[127]

Hippocampus
(whole)

Agilent
array

>350
miRNA

[137]

Pilocarpineinduced
status
epilepticus
(adult)

Hippocampus
(whole)

Exiqon
arrays

Genomewide

24 (9
upregulated, 15
downregulated).
Upregulated
included
miR-34a and
miR-146a
36 regulated
33 increased
3 decreased
Upregulated
miR-146a

[151]

[132]

(continued)
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Table 4.1 (continued)
Species
Rat

Rat

Rat

Model/age
Pilocarpineinduced
status
epilepticus
(P25)
Pilocarpineinduced
status
epilepticus
(P25)
Electrical
stimulation
of the
amygdala

Tissue/brain
region
Hippocampus
(whole)

Platform
Invitrogen
miRNA
assay

Proﬁled
miR-21,
miR124,
miR-132,
miR-134
miR-155

Key ﬁndings
Upregulated

Ref.
[139]

Upregulated

[140]

At the 30 day
time point, 11
upregulated and
9
downregulated
Upregulated
miR-132 and
-146a
CA1: 5
upregulated
DG: 37
upregulated, 5
downregulated
PHC: 22
upregulated, 7
downregulated
Upregulated
miR-21, -132,
-146a
5 upregulated
(miR-874-3p,
-20a-5p,
-345-3p,
-365-5p,
-764-3p) and 1
downregulated
(miR-99b-3p)
31 miRNAs
different in
multi-drug
resistant mice
versus 21
different in
anti-epileptic
drug responders

[153]

Hippocampus
(whole)

Takara
miRNA
assay

Hippocampus
(dentate gyrus)

Exiqon
arrays

Genomewide

Rat

Electrical
stimulation
of the
angular
bundle

Hippocampus
(isolated
subﬁelds and
parahippocampal
gyrus)

Exiqon
arrays

Genomewide

Rat

Electrical
stimulation
of the
amygdala

Hippocampus
(whole)

Genomewide

Mouse

Pilocarpineinduced
status
epilepticus
(adult)

Whole brain

qRT-PCR
after
initially
proﬁling
post-status
epilepticus
by RNAseq
(Illumina)
Agilent
arrays

Genomewide

[133]

[154]

[155]

(continued)
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Table 4.1 (continued)
Species
Rat

Model/age
Pilocarpineinduced
status
epilepticus
(adult)

Rat

Electrical
stimulation
of the
amygdala

Rat

Tissue/brain
region
Frontal cortex

Platform
Affymetrix

Proﬁled
389
miRNAs

Hippocampus
(whole)

RNAseq
(Illumina
platform)

Genomewide

Pilocarpineinduced
status
epilepticus
Pilocarpineinduced
status
epilepticus
and
electrical
stimulation
of the
amygdala

Hippocampus
(whole)

Taqman
assays

miR146a

Hippocampus
(whole)

Exiqon
array

Genomewide

Hippocampus
(whole)

Exiqon
miRNA
q-RT-PCR

miR129-5p

Human

Kainic
acidinduced
status
epilepticus
Adults

Hippocampus
(n = 20 sclerotic
and
non-sclerotic)

Exiqon
array

Genomewide

Human

Adults

Hippocampus
(n = 3)

Taqman low
density
arrays

380
miRNAs

Human

Adults

Neocortex (n = 3)

Taqman
assays

miR-134

Mouse

Rat

Key ﬁndings
6 regulated
3 upregulated
3 downregulated
Upregulation of
miR-146a
25 differentially
expressed
14 upregulated
11 downregulated
Upregulated

Ref.
[156]

Pilocarpine
model: 22
upregulated, 29
downregulated
Electrical
stimulation
model: 41
upregulated, 16
downregulated
Increased
Targets Kv1.1

[158]

[157]

[128]

[159]

165 different to [144]
control. Unique
miRNA in HS
vs. non-HS
Unusual nuclear
localization found
for several
miRNAs
Major
[113]
downregulation
of miRNA in
samples with
low Dicer
expression
Higher
[152]
expression
(continued)
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Table 4.1 (continued)
Tissue/brain
region
Hippocampus
(n = 5)

Species
Human

Model/age
Children

Human

Adults

Human

Children

Human

Children

Hippocampus
(n = 8)

Human

Children

Focal cortical
dysplasia (n = 15)

Human

Adult

qRT-PCR

miR-132

Human

Adult

Agilent
array

~1200
miRNAs

12 regulated
[146]
6 upregulated
6 downregulated

Human

Adult

Temporal
neocortex
(n = 30)
Dentate gyrus
(with and
without granule
cell dispersion)
(n = 14)
Hippocampus
(n = 10)

Exiqon
arrays

Genomewide

Human

Children

Cortex (tuberous
sclerosis
complex) (n = 5)

Agilent
array

>900
miRNAs

Human

Adult

Hippocampus
(n = 24)

qRT-PCR

miR199a-5p/
b-5p

30 regulated
[161]
25 upregulated
5 downregulated
5 regulated
[162]
4 upregulated
1 downregulated
Upregulation of
miR-34a
Downregulated [163]

Focal cortical
dysplasia (n = 6)
Hippocampus
(n = 5)

Platform
Invitrogen
miRNA
assay
Taqman
assays
Invitrogen
miRNA
assay

Takara
miRNA
assay
Agilent
miRNA
array

Proﬁled
miR146a

Key ﬁndings
Higher
expression

Ref.
[127]

miR146a
miR-21,
miR124,
miR-132,
miR-134
miR-155

Higher
expression
Higher
expression

[129]

Higher
expression

[140]

Genomewide

10 regulated: 7
[145]
upregulated
3 downregulated
Upregulated
miR-21 and
miR-155
Downregulated [160]

[139]

(continued)
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Table 4.1 (continued)
Species
Human

Model/age
Adult

Tissue/brain
region
Hippocampus
(n = 9) with and
without
hippocampal
sclerosis

Platform
Taqman
arrays

Proﬁled
~800
miRNAs

Key ﬁndings
18 regulated
12 differentially
expressed in
epilepsy
regardless of
pathology
6 unique to
speciﬁc
pathology

Ref.
[150]

Key: Studies are listed in chronological order of original online publication date. Search performed
on Feb 25th, 2015 using search terms “epilepsy” and “microRNA” identiﬁed 85 studies. Table
includes selected relevant experimental and human miRNA expression analyses. Notable miRNAs
for which functional or other data are available are highlighted for some studies. CA cornu ammonis, DG dentate gyrus, PHC parahippocampal gyrus

miRNAs have also been proﬁled in resected human brain tissue from epileptic
patients (Table 4.1). The ﬁrst study, by Kan and collaborators, analyzed 20 mesial
TLE patients’ hippocampi (with and without sclerosis) and compared results to ten
autopsy control tissue samples [144]. In this study, they reported similar numbers of
up- and downregulated miRNAs with a total of 51 miRNAs differentially expressed
by over twofold between epileptic and control groups. In contrast, the resected sclerotic human hippocampal samples analyzed by McKiernan and colleagues showed
mainly downregulation of miRNAs. The collapse in miRNA production was attributed to the loss of Dicer in the tissue [113]. miRNA changes have also been reported
in cortical dysplasia, another common cause of epilepsy [145]. Recently, 12 miRNAs were differentially expressed in sclerotic hippocampi samples from two groups
of TLE patients with and without granule cell dispersion [146]. Among these miRNAs, miR-487a was highly expressed in an extended cohort of patients. ANTXR1,
an adhesion molecule, was suggested as the possible target of miR-487a [146].

Molecular Mechanisms of miRNA Expression Control
in Epilepsy
Almost nothing is known about what is driving the up- and downregulation of miRNAs in epilepsy. For some of the epilepsy-linked miRNAs such as miR-134, transcriptional mechanisms are known. Mef2 is known to be activated by neuronal
activity and drives miR-134 expression in neurons [147]. However, in a majority of
cases we do not yet know what promotes or represses miRNA expression in epilepsy. A recent study provided evidence that epigenetic mechanisms may be important regulators of miRNA expression in epilepsy. Epigenetic processes include
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DNA methylation and histone modiﬁcations. Together these have powerful effects
on the transcriptional state of chromatin, increasing or decreasing the degree of
compaction and providing or restricting access to transcriptional machinery. Such
epigenetic mechanisms are emerging as explanations of gene regulation in health
and disease, including in epilepsy [148, 149].
Miller-Delaney and collaborators performed the ﬁrst genome-wide analysis of
DNA methylation in human epilepsy. The researchers found that 146 protein-coding
genes exhibited altered DNA methylation in hippocampi of patients with TLE, with
81.5 % of methylation differences being hypermethylation [150]. They also investigated expression of miRNA in the same samples and correlated the degree of
methylation with the corresponding expression (transcript level) of the miRNA. This
identiﬁed a panel of 13 methylation-sensitive miRNA in the TLE samples whereby
increased methylation was associated with lower expression of the miRNA. This
included miR-27a, miR-193a-5p, and miR-876-3p. Differential methylation of long
noncoding RNA in human TLE was also documented for the ﬁrst time [150].
In summary, proﬁling analysis of experimental and human SE and epilepsy
shows a select group of miRNAs undergo expression changes (Table 4.1). miRNA
upregulation is the predominant response in both SE and epilepsy possibly contributing to reducing protein levels in the damaged brain. These studies provide rather
limited insight into what the targets of these miRNAs are and whether they have
causal roles in the pathogenesis of the epileptic state. Fortunately, a number of
groups have undertaken functional studies on epilepsy-regulated miRNAs, results
from which demonstrate miRNAs have a causal role in the epileptogenic process
and epilepsy.

miRNA and Epilepsy: An Overview About Functional Studies
Researchers have several options available to manipulate miRNAs in vivo and verify whether they are relevant for epilepsy. The techniques mainly involve the use of
genetic and oligonucleotide-based targeting of the miRNA [164, 165]. Mimics are
used to increase miRNAs levels, while antagomirs, which bind to a speciﬁc miRNA
inhibiting its function, can be used to decrease levels [165]. There are a number of
transgenic and knockout mice available but these have not yet been studied in epilepsy [164, 165].
The ﬁrst miRNA for which functional studies were performed in a seizure model
was miR-132. Expression of miR-132 is consistently reported as upregulated after
SE and epilepsy and Ago-2 pull-downs after SE in mice conﬁrmed that miR-132
was uploaded to the RISC [114]. It is thought that higher levels of miR-132 may
promote excitability. Indeed, it has been reported that miR-132 enhances the frequency and amplitude of excitatory currents in neurons [166], and increases dendritic length and branching by targeting p250GAP [167]. In vivo silencing of
miR-132 through intracerebroventricular injection of antagomirs in mice was dem-
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onstrated to reduce hippocampal damage caused by intra-amygdala KA-induced SE
[114]. In more recent work, miR-132 inhibition was reported to reduce spontaneous
seizures in rats and this was associated with reduced neuronal death [168]. However,
treatment was initiated before SE therefore it remains unclear whether the reduction
in spontaneous seizures was due to a modiﬁcation of the initial insult or a truly
disease-modifying effect on epilepsy.
The ﬁrst miRNA for which a role in apoptosis was demonstrated was miR-34a
[169]. It has been shown that miR-34a expression is controlled by p53, which is
upregulated and contributes to neuronal death induced by seizures [170, 171].
Increased expression of miR-34a has been found in several reports and two studies
have explored effects of antagomirs targeting miR-34a in seizure models. In one
study silencing miR-34a reduced hippocampal damage after SE, but another study
failed to detect such an effect. This may reﬂect model-speciﬁc contributions or other
differences in the dosing or targeting of the miRNA [137, 141].
There has also been a single functional study on miR-184. This miRNA was
identiﬁed as the most upregulated miRNA in the hippocampus after an episode of
brief, non-harmful seizures, a model of epileptic preconditioning and a rich source
of neuroprotective pathways [172]. McKiernan and colleagues showed that silencing miR-184 signiﬁcantly increased seizure-induced neuronal death in two animal
models of SE. This suggests that miR-184 may function to protect against seizure
damage in the mouse [172].
A recent study revealed a strong link between miR-128 and convulsive behavior
in mice. Mice with a conditional deletion of miR-128 were found to develop fatal
epilepsy, which was fully prevented by treatment with an AED [122]. The mechanism was linked to increased excitatory transmission and mice lacking miR-128
displayed increased spine density. Complementing these ﬁndings, overexpression
of miR-128 was able to suppress seizures triggered by kainic acid and effects were
linked to the targets of miR-128 in the ERK2 network [122].
Another miRNA for which a comprehensive link to epilepsy has been demonstrated is for miR-134 (Fig. 4.1) [152]. miR-134 is a brain-enriched miRNA overexpressed after SE and in experimental and human epilepsy [152, 173]. Silencing
miR-134 via antagomirsstrongly reduced intra-amygdala KA-induced seizures with
long-lasting protection [152] (Fig. 4.1). Recently, these protective effects were ratiﬁed using the pilocarpine model in mice [174]. In vitro antiseizure effects of targeting this miRNA have also been reported [175]. The mechanism of the antiseizure
effect is uncertain but silencing miR-134 resulted in a slight decrease in hippocampal dendritic spine number in vivo which may reduce excitability [173]. This may
relate to the target Limk-1, silencing of which obviated the protective effect of miR134 in vitro [173]. Most importantly, intracerebroventricular injection of antagomirs
targeting miR-134 reduced the occurrence of spontaneous seizures after SE in mice.
This offers direct evidence for potential disease-modifying, anti-epileptogenic
effects of targeting a miRNA (Fig. 4.1). Altogether, these data suggest that miR-134
may be a promising target to develop an antiepileptic therapy.
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Fig. 4.1 Antagomir silencing of miR-134. (a) Analysis of miR-134 expression in the mouse hippocampus at various time points after a single intracerebroventricular injection of antagomirs targeting miR-134 showing long-lasting silencing in mouse hippocampus. (b) Representative EEG
spectrograms show that antagomir silencing of miR-134 reduces seizure severity during status
epilepticus. (c) Graphs show the number of generalized tonic clonic seizures each day for individual mice during two periods of 5 days of continuous video monitoring (1 and 2 months after
kainic acid-induced SE) for scramble (Scr)- and antagomir (Ant)-injected mice. Ant-134 after
status epilepticus reduces the number of epileptic seizures and protects against progressive TLE
pathology (adapted and modiﬁed with permission from [152])

miRNA as Biomarkers of Epilepsy
An additional application of miRNAs in epilepsy relates to their potential use as
biomarkers. Biomarkers are important diagnostic tools that reﬂect health or disease
and which can be measured in a simple, ideally minimally invasive manner. There
is a strong and urgent need for biomarkers of epilepsy. A biomarker or panel of
biomarkers, found in bioﬂuids such as blood would allow doctors to identify at-risk
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patients after insults to the brain, predict seizure occurrence in patients with existing
epilepsy, support prognosis and optimize or support discovery of therapies. There is
a growing application of miRNAs as disease biomarkers using bioﬂuid proﬁling
[176, 177]. Bioﬂuid miRNAs circulate in several forms, including enclosed in microparticles such as exosomes or complexed to Ago-2 and this seems to confer stability and a high reliability of detection. miRNAs are also ideal biomarkers because of
their tissue-speciﬁc expression and roles in normal physiology and disease. There is
a strong association between circulating and tissue levels although the sources of
circulating miRNAs are still not well understood. It has been suggested that under
healthy conditions miRNAs might be released from cells into the circulatory system. In disease or following injury, miRNAs derive from pathological processes
within tissues [178, 179], for example, as by-products of necrotic or apoptotic cells
[180]. There is also evidence that miRNAs are actively packaged and released in
exosomes, functioning in a manner similar to hormones and cytokines in distant
cell-to-cell communication [181].
A number of studies have investigated miRNA expression in blood after SE [134,
178], epileptogenesis, chronic epilepsy [178], stroke, intracerebral hemorrhage, and
TBI [134, 179, 180]. They suggest there are unique miRNAs or groups of miRNAs
which may reﬂect speciﬁc injuries to the brain or different phases of the epileptogenic process. These ﬁndings, whether validated in humans, might support diagnosis, prognosis, and patient treatment decisions not only in epilepsy, but also in other
CNS disorders.
For complete review on circulating miRNAs as potential biomarkers in diagnosing CNS diseases the reader is referred elsewhere [121, 182–185].

Conclusion
There is now strong evidence supporting a role for miRNAs in the pathophysiology
of epilepsy. Proﬁling work is increasingly providing a complete description of the
expression levels and pathways under miRNA control in epilepsy. Concomitantly,
researchers are establishing the in vivo functions of epilepsy-associated miRNAs
and deploying RNA-based therapeutics as a novel approach to treatment. The use of
miRNA inhibitors is already appearing in the medical literature. The ﬁrst of these,
miravirsen, was an antagomir blocking liver-expressed miR-122 which was found
to be safe and effective in clinical trials of hepatitis C in humans [186]. Certainly,
targeting miRNAs in CNS disorders will pose an additional challenge [187, 188].
This is because antagomirs are macromolecules that do not cross an intact blood
brain barrier, which is essential for clinical use. Likewise, we need more data on the
effects of antagomirs on the targets of the miRNAs and how to avoid off-targets
effects. miRNAs also offer potential as biomarkers of epilepsy which may lead to
novel diagnostics. In summary, miRNAs have emerged as important contributors to
gene expression control in the brain. They offer a perhaps unique combination of
therapeutic opportunities and co-developed molecular diagnostics for epilepsy.
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Chapter 5

microRNA and Autism
Ayyappan Anitha and Ismail Thanseem

Abstract Autism is a complex neurodevelopmental disorder characterized by deﬁciencies in social interaction and communication, and by repetitive and stereotyped
behaviors. According to a recent report, the prevalence of this pervasive developmental disorder has risen to 1 in 88. This will have enormous public health implications in the future, and has necessitated the need to discover predictive biomarkers
that could index for autism before the onset of symptoms. microRNAs (miRNAs)
are small, noncoding RNAs that regulate gene expression at the posttranscriptional
level. They have recently emerged as prominent epigenetic regulators of various
cellular processes including neurodevelopment. They are abundantly present in the
brain, and their dysfunction has been implicated in an array of neuropathological
conditions including autism. miRNAs, previously known to be expressed only in
cells and tissues, have also been detected in extracellular body ﬂuids such as serum,
plasma, saliva, and urine. Altered expression of cellular and circulating miRNAs
have been observed in autistic individuals compared to healthy controls. miRNAs
are now being considered as potential targets for the development of novel therapeutic strategies for autism.
Keywords Autism • miRNA • Brain • Circulating miRNA

Introduction
Autism spectrum disorders (ASDs) refer to a group of heterogeneous, complex neurodevelopmental disorders characterized by deﬁciencies in social interaction and
communication, and by repetitive and stereotyped behaviors [1]. The abnormalities
are usually identiﬁed in the early years of childhood, accompanied by impairments
in cognitive functioning, learning, attention, and sensory processing. On March 27,
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2014, the Centers for Disease Control and Prevention (CDC) released new data on
the prevalence of autism in the USA. This surveillance study identiﬁed 1 in 68 children as having an ASD, which is an alarming proportion. This increased prevalence
will have enormous future public health implications, and has necessitated the need
to discover predictive noninvasive biomarkers that could index for autism before
the onset of symptoms.

Genetic Architecture of Autism Is Complex
Twin and family studies have shown that autism is a highly heritable neuropsychiatric disorder. Much effort has been made to understand the genetic basis of autism
and to identify the genetic variants and other chromosomal abnormalities that are
responsible for this disorder. However, unlike some of the monogenic disorders
which are caused by defects in a single gene, the genetics of autism is very complex,
since autism manifests a wide range of symptoms that involves multiple genes.
During the last decade, scientists from all over the world have worked together to
trace autism candidate genes. Data collected from thousands of autistic families
from different populations across the world support a polygenic epistatic model [2].
Linkage analyses and family-based association studies have resulted in the identiﬁcation of a multitude of autism candidate genes. The recent evolution of SNP
microarray and high-throughput sequencing technologies, combined with the availability of large well-characterized patient cohorts has led to a rapidly accumulating
pool of genes and loci. Research over the last two decades has shown that autism
stems, in large part, from alterations in genes involved in brain development.
However, owing to the highly heterogeneous nature of this disorder, the classic
genetic studies have not yet been successful in identifying a common susceptibility
locus/gene for ASD. In addition to the genetic factors, environmental factors also
play a vital role in predisposing individuals to ASD [3].
In recent years, epigenetic mechanisms, which act at the interface of genes and the
environment, have been identiﬁed as a potential contributor to the pathogenesis of
several neurodevelopmental abnormalities including ASD [4]. Epigenetic factors
control heritable changes in gene expression without changing the DNA sequence [5].

microRNAs in Neurodevelopment
microRNAs (miRNAs) are prominent epigenetic regulators of various cellular processes including neurodevelopment. They comprise a growing class of evolutionarily conserved, noncoding 15–22 nucleotide RNA molecules that regulate gene
expression at the level of translation. miRNAs have been shown to regulate a variety
of biological processes, including development, cell proliferation, differentiation,
fate speciﬁcation, growth control, homeostasis, and apoptosis [6, 7].
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miRNAs function through a variety of mechanisms that include mRNA degradation
and translational repression. The miRNAs bind to the partially complementary
regions at the 3′ end of messenger RNAs (mRNAs) stimulating the cleavage or
translational repression of corresponding transcripts. Vertebrate genomes are predicted to encode around 2000 unique miRNAs, which could regulate the expression
of at least 30 % of genes [8]. As per the most recent reports, a total of 2578 mature
miRNAs have been identiﬁed in humans [9]. A single miRNA molecule is capable
of binding to the recognition site on several mRNAs, subsequently regulating their
expression [10]. Thus, miRNA–mRNA interactions can modify the expression of
hundreds of target genes, thereby modulating the corresponding cellular and
molecular networks. Some key components involved in miRNA processing are
shared between lower vertebrates and primates [11–13].
miRNAs are abundantly present in the brain, and have crucial roles in several
facets of brain development, neurogenesis, and function [14] as revealed by studies
using animal models deﬁcient in miRNA biogenesis [15–18]. Even though ~70 %
of the known miRNAs are expressed in the brain, only a few of them are brainspeciﬁc and/or brain-enriched [19]. Table 5.1 gives a list of brain-speciﬁc and/or
brain-enriched miRNAs implicated in crucial neurological functions. Based on
high-throughput sequencing data, it has been estimated that >1000 miRNAs are
expressed in the human brain [20]. Sempere et al. [21] examined the expression of
119 miRNAs in the mouse and humans organs; 17 miRNAs, known to be involved
in neuronal differentiation, maturation, and/or survival, was found to be expressed
in the mouse and human brains suggesting their conserved role in neurodevelopment and maintenance. Several of the brain-enriched miRNAs, such as miR-9,
miR-34, miR-124, miR-128, miR132, and miR-219, have identical sequences
across primates, rodents, Drosophila, and Caenorhabditis elegans [22–24], indicating that they are highly conserved throughout the evolution. Moreover, there is
massive conservation in miRNAs between primates [22, 25]. About 366 out of the
413 miRNAs expressed in human brain have also been detected in rhesus macaque
brain [22], making them ideal primate models for the preclinical investigation of
miRNAs implicated in neurological dysfunction. In addition, long-term memory
processes and the activity of associated synaptic proteins have been found to be
modulated by the miRNA RISC pathway in diverse species [26–29]. Thus, miRNAs
regulate the development of the nervous system in worms, brain morphogenesis in
the ﬁsh, and modulate the spatial and temporal expression of crucial genes involved
in mammalian brain development [30].

Circulating miRNAs
miRNAs, previously known to be expressed only in cells and tissues, have now
been found in extracellular body ﬂuids such as serum, plasma, urine, saliva, amniotic ﬂuid, breast milk, bronchial lavage, cerebrospinal ﬂuid, colostrum, peritoneal
ﬂuid, pleural ﬂuid, seminal ﬂuid, and tears in detectable concentrations [31].
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Table 5.1 Brain-speciﬁc and/or brain-enriched miRNAs involved in neurological functions
miRNA
miR-7
miR-9
miR-23
miR124
miR125
miR128
miR132

miR134

miR135
miR137
miR153
miR219

miR1202

Function
Controls neurite outgrowth
Induces neuronal differentiation; affects proliferation and
differentiation
Regulates oligodendrocyte development and myelination; regulates
cerebral ischemia and neural speciﬁcation
Promotes neuronal differentiation; regulates spatial learning and
social interactions
Regulates synaptic plasticity

References
[56]
[57, 58]

Synaptogenesis; regulates apoptosis; inhibits proliferation and
self-renewal
Regulator of the brain-to-body resolution of inﬂammation; contribute
to neurodevelopmental and neuromorphological pathologies;
neuronal cell development; regulate synaptic plasticity; neuronal
maturation; regulates basal and activity-induced neurite outgrowth;
regulates recognition memory and synaptic plasticity; regulates
circadian clock
Controls dendritic spine development, controls synaptic protein
synthesis and plasticity, guidance of nerve growth cones, growthpromoting effect on dendritogenesis; inducer of pluripotent stem cell
differentiation; stage-speciﬁc modulation of cortical development,
regulates memory, regulates cholinergic neurotransmission
Decreased cell invasion and increased drug sensitivity, regulates Wnt
signaling pathway
Neuronal maturation; regulates differentiation of neural stem cells

[60, 65]

Promote neuronal differentiation

[84]

Promotes oligodendrocyte differentiation and myelination, modulates
NMDA receptor-mediated neurobehavioral dysfunction, maintenance
of lipids and redox homeostasis in mature oligodendrocytes, regulates
circadian rhythms of expression.
Associated with the pathophysiology of depression; potential target
for antidepressants

[85–88]

[59, 60]
[61, 62]
[63, 64]

[66–73]

[27, 74–79]

[21, 80]
[81–83]

[89]

Adapted and modiﬁed from [19]

About 90 % of the circulating miRNAs are packaged with proteins (i.e.,
Argonaute RISC Catalytic Component 2 (Ago2), high-density lipoprotein (HDL),
other RNA-binding proteins), while ~10 % are wrapped in small membranous particles (i.e., exosomes, microvesicles, and apoptotic bodies) [32] (Fig. 5.1). Thus
they are remarkably stable and resistant to RNase degradation in the biological ﬂuids. However, not much is known about their origin and purpose. It is hypothesized
that cell lysis or an increase in the level of exosomes discarded by infected cells
contribute to the circulating miRNAs.
Abnormal expression of circulating miRNAs have been reported in several neurological and neurodevelopmental disorders. Recent reports have described the
horizontal transfer of biomolecules, including miRNAs, by secreted extracellular
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Fig. 5.1 Circulating miRNAs

vesicles, which is increasingly being implicated as a mode of intercellular communication [33]. Thus, miRNAs within the central nervous system (CNS) may be
exported across the blood–brain barrier (BBB) by the microvesicles (exosomes)
released by neurons and glial cells (Fig. 5.2). Furthermore, the BBB endothelium
itself is known to be an important source of circulating miRNAs [34]. The secreted
miRNAs could thus be reﬂective of the pathophysiological processes in the
CNS. Moreover, the miRNA expression pattern of brain and peripheral blood lymphocytes has been found to cluster together, indicating that a blood-based expression signature could be a useful biomarker for neurological diseases [35].

miRNAs in Neurological Disorders
Dysregulation of miRNAs has been implicated in several neurological disorders.
Studies have shown that the precursor and mature miRNAs, as well as the miRNA
processing machinery itself (e.g., Drosha, Dicer), may be dysregulated during the

76

A. Anitha and I. Thanseem

Central nervous system
A

RN

mi

A
RN

mi

A

RN

mi
Glia

Blood

Blood- brain barrier

A

RN

mi

A

RN

mi

Exosome
encapsulated
miRNA

Neuron

mi

A
RN

A

RN

mi

NA

R

mi

Fig. 5.2 miRNAs may be exported across the blood–brain barrier by microvesicles

progression of a neurological disorder [36–38]. Aberrant expression of miRNAs
have been observed in neuropsychiatric disorders such as autism, schizophrenia,
bipolar disorder, depression, addiction, and anxiety, as well as in neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
and amylotrophic lateral sclerosis [39]. Certain miRNAs (e.g., miR-132) have been
found to be dysregulated in a wide range of psychiatric and neurodegenerative disorders [40–43].

miRNAs in Autism
Aberrant expression of miRNAs have been observed in the postmortem brain [44],
lymphoblastoid cell lines [45–47], serum [48], and whole blood [49] of autistic
individuals compared to healthy controls (Table 5.2). In a case–control study, AbuElneel et al. [44] examined the expression of 466 miRNAs in the postmortem cerebellar cortex of 13 autistic individuals and an equal number of controls. Differential
expression of 28 miRNAs was observed in autism brains compared to controls.
Talebizadeh et al. [47] compared the miRNA proﬁles in the lymphoblastoid cell
lines (LCL) samples of six individuals with autism and matched control subjects,
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Table 5.2 Altered expression of miRNAs in autism
miRNA ID
miR-106a, miR-106b, miR-128, miR-129, miR-132,
miR-140, miR-146b, miR-148b, miR-15a, miR-15b,
miR-181d, miR-193b, miR-21, miR-212, miR-23a,
miR-27a, miR-320a, miR-381, miR-431, miR-432,
miR-484, miR-539, miR-550, miR-598, miR-652,
miR-7, miR-93, miR-95
miR-132, miR-146a, miR-146b, miR-23a, miR-23b,
miR-320, miR-363, miR-663, miR-92 (a1-a2)
miR-103, miR-106b, miR-107, miR-132, miR-133b,
miR-136, miR-139, miR-148b, miR-153-1, miR-16-2,
miR-182-AS, miR-185, miR-186, miR-189, miR-190,
miR-191, miR-194, miR-195, miR-199a-5p, miR-205,
miR-211, miR-219, miR-23a, miR-23b, miR-25,
miR-29b, miR-30c, miR-326, miR-342, miR-346,
miR-367, miR-376a-AS, miR-451, miR-455, miR-495,
miR-518a, miR-519c, miR-520b, miR-524, miR-93
miR-10a, miR-125b, miR-181-b, miR-196a, miR199a-5p, miR-199b-5p, miR-338-3p, miR-455-3p,
miR-486-3p, miR-486-5p, miR-548o, miR-577,
miR-650
miR-101-3p, miR-106b-5p, miR-130a-3p, miR151a-3p, miR-181b-5p, miR-195-5p, miR-19b-3p,
miR-320a, miR-328, miR-433, miR-489, miR-572,
miR-663a
miR-486-3p

Biological sample
Cerebellum
(postmortem)

References
[44]

Lymphoblastoid cell
lines
Lymphoblastoid cell
lines

[47]

Lymphoblastoid cell
lines

[45]

Serum

[48]

Whole blood

[49]

[46]

miRNAs with consistent differential expression in two or more studies are shown in bold

and observed an aberrant expression of 9 out of the 470 miRNAs in autism samples.
In an independent study using LCL samples, 43 miRNAs were found to be differentially expressed in autistic individuals compared to controls [46]. In yet another
study of LCLs, Ghahramani Seno et al. [45] observed an altered expression of 13
miRNAs in the autistic individuals compared to healthy controls. A recent study
using serum samples from 55 individuals with autism and 55 age- and sex-matched
controls identiﬁed 13 miRNAs that were differentially expressed in autistic individuals compared to controls [48]. Popov et al. [49] compared the expression proﬁles of whole blood miRNAs in 30 autism patients and 25 age- and gender- matched
control subjects using a microﬂuidic array designed to detect 1898 unique mature
human miRNA sequences. miR486-3p, a brain-speciﬁc miRNA with possible roles
in human neuronal differentiation was found to be differentially expressed in autism.
Taken together, a few miRNAs (e.g., miR-106-b, miR-132, miR-23a, miR-320a)
exhibited a consistent differential expression in autism. Among these, miR-132 has
been found to promote the growth and maturation of newborn neurons in the adult
hippocampus [50]. Hansen et al. [51] have reported that miR-132 could be pivotal
in the regulation of cognition, learning, and memory formation.
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Recent studies have implicated copy number variants (CNVs) as a major contributor to the pathogenesis of autism. To date, most of the studies have focused only
on the genes present in the CNV loci, with little information on the miRNAs present
in these regions. Nearly 11 % of the CNV loci have been found to harbor miRNAs,
some of which have already been reported to be associated with autism [52]. The
miRNAs present in these deleted and duplicated CNV loci could account for the
dosage difference of their target genes.
Enrichment pathway analysis of the target genes of aberrantly expressed miRNAs in autism has revealed several crucial and diverse neurologically relevant pathways. These include the pathways involved in axon guidance, TGF-beta signaling,
MAPK signaling, adherens junction, regulation of actin cytoskeleton, oxidative
phosphorylation, hedgehog signaling, focal adhesion, MAPK signaling, mTOR signaling, and Wnt signaling [45, 48, 52].

Therapeutic Potential of miRNAs
On the basis of their functional roles in diverse biological pathways, miRNAs
appear to be suitable tools for the diagnosis, prognosis, and therapy of several disorders. Accumulating evidence suggests that miRNA-based therapies based on
restoring or repressing miRNA expression and/or activity holds great promise. Not
all miRNAs have a functional biological role. Cell-based screening strategies making use of suitable platforms such as cell lines, primary cell cultures, differentiated
neurons, and induced pluripotent stem cells can facilitate the identiﬁcation of promising candidates. miRNA-based therapeutics hold a great potential because of their
ability to silence multiple genes simultaneously. Due to the complexity of the pathogenic mechanisms underlying the development of neuropsychiatric disorders such
as ASDs, miRNAs might be ideally suited for the therapeutic targeting of multiple
mRNAs.
miRNA inhibition therapy that downregulates the expression of over-expressed
miRNAs using miRNA antagonists, and miRNA replacement therapy that supplements the under-expressed miRNAs using miRNA mimics, are promising
approaches in this regard [53]. Despite the great potential, critical hurdles have to be
overcome for the success of miRNA-based therapies. These include systemic delivery of targeted miRNAs, poor in vivo stability and inappropriate bio-distribution of
delivered miRNA, disruption and saturation of endogenous RNA machinery, and
adverse side effects [53]. Viral and nonviral [lipid-based, polyethyleneimine,
poly(lactide-co-glycolide), natural polymers, exosomes, nanoparticles] delivery
systems have been developed to circumvent these challenges [53]. While the current
clinical trials are focused on peripheral organs, therapeutic targeting of the brain
remains a future objective.
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Future Directions
Pharmacological modulation of disease-associated miRNAs has demonstrated a
promising therapeutic potential. Technical developments in miRNA-based therapies for the treatment of cancer, cardiovascular diseases, and HCV infection have
come a long way. Clinical phase 1 study of the liposome formulated miR-34
mimic-based drug in liver cancer patients have already commenced [54] and a
phase 2 study with antimiR-122 drug has been found to be safe and well tolerated
in chronically HCV-infected patients [55]. However, despite compelling evidence
for the involvement of miRNAs in neurodevelopment, their contribution to the
pathogenesis of ASD has been inadequately assessed to date. A few miRNAs have
been identiﬁed as consistently dysregulated in autism by several independent studies.
If this is an epiphenomenon of the disease, they could be potential candidates in our
search for novel biomarkers for this disorder. A systematic characterization of
miRNAs targeting high-conﬁdence ASD genes is likely to provide new insights
into the mechanisms underlying ASDs. Such an insight may help in designing
appropriate miRNA therapeutics for ASDs.
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Chapter 6

microRNAs and Neurodegenerative Diseases
Lifeng Qiu, Eng King Tan, and Li Zeng

Abstract microRNAs (miRNAs) are small, noncoding RNA molecules that
through imperfect base-pairing with complementary sequences of target mRNA
molecules, typically cleave target mRNA, causing subsequent degradation or
translation inhibition. Although an increasing number of studies have identiﬁed
misregulated miRNAs in the neurodegenerative diseases (NDDs) Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis, which suggests that alterations in the miRNA regulatory pathway could
contribute to disease pathogenesis, the molecular mechanisms underlying the
pathological implications of misregulated miRNA expression and the regulation
of the key genes involved in NDDs remain largely unknown. In this chapter, we
provide evidence of the function and regulation of miRNAs and their association
with the neurological events in NDDs. This will help improve our understanding
of how miRNAs govern the biological functions of key pathogenic genes in these
diseases, which potentially regulate several pathways involved in the progression
of neurodegeneration. Additionally, given the growing interest in the therapeutic

L. Qiu
Neural Stem Cell Research Lab, Department of Research, National Neuroscience Institute,
Singapore 308433, Singapore
E.K. Tan
Department of Neurology, National Neuroscience Institute,
SGH Campus, Singapore 169856, Singapore
Department of Research, National Neuroscience Institute,
11 Jalan Tan Tock Seng, Singapore 308433, Singapore
Neuroscience and Behavioral Disorders program, Duke-National University of Singapore,
Graduate Medical School, Singapore 169857, Singapore
L. Zeng (*)
Neural Stem Cell Research Lab, Department of Research, National Neuroscience Institute,
Singapore 308433, Singapore
Department of Research, National Neuroscience Institute,
11 Jalan Tan Tock Seng, Singapore 308433, Singapore
Neuroscience and Behavioral Disorders program, Duke-National University of Singapore,
Graduate Medical School, Singapore 169857, Singapore
e-mail: Li_ZENG@nni.com.sg
© Springer International Publishing Switzerland 2015
G. Santulli (ed.), microRNA: Medical Evidence, Advances in Experimental
Medicine and Biology 888, DOI 10.1007/978-3-319-22671-2_6

85

86

L. Qiu et al.

potential of miRNAs, we discuss current clinical challenges to developing
miRNA-based therapeutics for NDDs.
Keywords microRNAs • Neurodegenerative diseases • Alzheimer’s disease • NDD
• Parkinson’s disease • Huntington’s disease • Gehrig • ALS • Amyotrophic lateral
sclerosis

Introduction
Neurodegenerative diseases (NDDs) are characterized by progressive neuronal
degeneration in the central nervous system (CNS). The most prevalent NDDs include
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and amyotrophic lateral sclerosis (ALS). These diseases are usually incurable but
have many similarities, such as protein aggregation, mitochondria dysfunction, and
axonal transport defects. Except HD, the majority of cases of the other three NDDs
are sporadic, meaning no signiﬁcant associations with certain genes are detected in
these cases. Thus, searching for more general pathological mechanisms is required.
microRNAs (miRNAs) have emerged as an attractive candidate mechanism because
they are regulatory molecules that are widely involved in many biological processes.
miRNAs are 21- to 24-nucleotide (nt)-long, noncoding RNAs that are transcribed by
RNA polymerase II or III as pri-miRNA. Pri-miRNAs are cleaved by Drosha to yield
approximately 70- to 100-nt pre-miRNAs [1]. The pre-miRNAs are exported out of the
nucleus and are cleaved again by Dicer to generate a 21- to 24-nt mature miRNA. The
mature miRNAs form mismatching-permitted complementary binding with the 3′
untranslated region (3′UTR) of the target mRNA through the RNA-induced silencing
complex (RISC) [2] (see Chap. 2 of the volume “microRNA: Basic Science” for a
detailed discussion of miRNA machinery). Upon binding with their target mRNA, the
miRNA’s main function is to induce the degradation or translational inhibition of their
target mRNAs [2, 3]. Based on computational predictions, one miRNA can downregulate the expression of hundreds of proteins, and this has been experimentally demonstrated [4, 5]. Therefore, the role of miRNA must be considered a crucial aspect in
almost every biological process, including the pathogenesis of NDDs.
Brain-enriched miRNAs account for less than one-thirtieth of the total number of
identiﬁed miRNAs [6, 7], which indicates that the temporal and spatial expression
of miRNAs is strictly regulated. miRNAs have been shown to play an important role
in neuronal development [8–12]. For example, deletion of Dicer at a stage when ES
cells enter the postmitotic state to initiate dopaminergic (DA) neuronal differentiation can completely eliminate DA neuron differentiation [13]. This phenotype can
be rescued by introducing small RNA species, including miRNA, into the ES cells,
which means that these small RNA species are crucial for DA neuron generation
[13]. In addition to neurodevelopment, accumulating evidence has gradually
revealed the essential role of miRNA in nervous system morphogenesis, synaptic
plasticity, and neurodegeneration [14, 15]. For instance, conditional deletion of
Dicer in the adult brain results in obvious neuronal degeneration in the mouse cortex
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[15]. All of these ﬁndings indicate that miRNA research is becoming increasingly
crucial and complicated in neuroscience, including with respect to NDDs.
Here, we summarize the involvement of miRNAs in NDD. We will discuss the
dysregulation of miRNAs in each NDD and the roles of speciﬁc miRNAs that show
promising involvement in these NDDs. Moreover, given that an abnormal increase
or decrease in the expression of various miRNAs may contribute to the pathophysiology of NDDs, the use of miRNAs as a therapeutic method to modulate and correct
aberrant activity of the nervous system may therefore provide potential clinical
treatment for these disorders, which will also be discussed.

miRNA in Neurodegenerative Diseases
miRNAs and AD
Dysregulation of miRNA in AD
Alzheimer’s disease (AD) is a neuronal degeneration disease that shows cognitive
impairment and dementia clinically [16]. The pathological hallmark of AD is a progressive spread of extracellular Aβ accumulation and intracellular tangles of hyperphosphorylated tau [16]. These pathological proteins in turn cause neuronal loss,
starting from the hippocampus and progressing to the entire cortex [16].
miRNA expression proﬁling has been extensively studied in AD patients, and a
number of miRNAs have been shown to be dysregulated in AD patients [17–23]. In
human brain, Lukiw found that miR-9 and miR-128 were increased in the hippocampus of AD patients [21]. Cogswell and colleagues identiﬁed 8 miRNAs, including
miR-9, -26a, -132, and -146b, that were downregulated and 15 miRNAs, including
miR-27, -29, -30, -34, and -125b, that were upregulated in the frontal gyrus of AD
patients [17]. Hebert and colleagues also detected 13 downregulated miRNAs, including miR-181c, -15a, -9, -101, -29b, -19b, -106b, and -26b, and 3 upregulated miRNAs
in the cortex of sporadic AD patients [19]. In human CSF, miR-146b and miR-27a-3p
were identiﬁed as downregulated [17, 23], and miR-30 family members were upregulated in patients compared to controls [17]. In the cerebral cortex of AD mice (APPswe/
PSΔE9 mice), miR-20a, -29a, -125b, -128a, and -106b were downregulated compared
to their expression in age-matched controls [18, 22].

miR-9 in AD
Several independent studies have found altered expression of miR-9 in AD brains.
However, both upregulation and downregulation have been reported [17, 19, 21,
24–28]. For example, Lukiw and colleagues reported an upregulation of miR-9 in
the temporal cortex and hippocampus of AD patients compared to age-matched
controls [21, 25]. However, Hebert and colleagues found a decrease in miR-9 in the
cortex of sporadic AD patients [19]. In an animal model of AD, miR-9 shows a
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signiﬁcant decrease in the hippocampus of 6-month-old, but not 3-month-old,
APPswe/PSΔE9 mice [22].
Because Aβ plaques form in 6-month-old APPswe/PSΔE9 mice, this decreased
expression of miR-9 might indicate that miR-9 decreases in response to Aβ accumulation. This hypothesis is consistent with what Schonrock and colleagues found in a
cell culture model. They detected miRNA expression changes in response to Aβ
treatment in primary neurons [29]. Interestingly, most of the miRNAs that show
signiﬁcant expression changes compared with untreated cells are downregulated in
response to Aβ treatment. The proportion of upregulated miRNAs is much smaller.
miR-9 is one of the miRNAs that are rapidly downregulated in response to Aβ treatment in primary neurons [29]. miR-9 targets BACE1, which cleaves APP and is a
rate-limiting enzyme in Aβ generation [30].

miR-29 in AD
miR-29 was found to be decreased in the brains of sporadic AD patients [19].
Consistently, a decrease in miR-29 has also been observed in the cerebral cortex of
APPSwe/PS1∆E9 mice [22]. miR-29 is an astrocyte-enriched miRNA that is also
expressed, to a lesser extent, in mature primary neurons [31, 32]. Its expression
dramatically increases with aging [33–35]. The emerging role of miR-29 is to protect cells from apoptosis by targeting and repressing a family of pro-apoptotic proteins, including Bim, Bmf, Hrk, and Puma [31]. Overexpression of miR-29 protects
cells from various stimuli-induced cell death. These stimuli include growth factor
deprivation, ER stress, and DNA damage [31]. In addition to pro-apoptotic proteins,
BACE1 is another conﬁrmed target of miR-29, and the decrease in miR-29 in AD
patients is correlated with the increase of BACE1 in these patients [19]. Therefore,
decreased expression of miR-29 in AD patients might accelerate Aβ generation by
de-repressing BACE1. In summary, miR-29 exhibits a protective role in neuronal
survival via both the apoptotic and APP pathways.

miRNA let-7b in AD
miRNA let-7b is increased in the CSF of AD patients compared with controls [36].
This miRNA is involved in the immune response in AD. The increased level of let7b in the CSF of AD patients might contribute to neurodegeneration by binding to
RNA-sensing toll-like receptor (TLR) 7, which is an innate immune receptor [36].

miR-106b in AD
miR-106b, which directly targets APP [33], shows downregulation in both the
human AD brain [19, 33] and in the brains of APPSwe/PS1∆E9 mice [22]. Although
it is unclear whether the downregulation of miR-106b is triggered by Aβ
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accumulation, decreased expression of miR-106b can possibly enhance the expression of APP, which may accelerate Aβ accumulation.
However, we need to bear in mind that miR-106b might contribute to AD pathology
in other ways. One possibility is that miR106b might regulate cell cycle reentry by
targeting retinoblastoma protein 1 [37–39] and p21 [37]. Both retinoblastoma protein
1 and p21 are involved in cell cycle regulation. Additionally, miR-106 also targets
ITCH, which is an E3 ubiquitin ligase that is involved in the p73 apoptotic signaling
pathway [40] and the Wnt signaling pathway [41]. Furthermore, miR-106b can also be
involved in autophagy regulation, which is closely related to Aβ accumulation [42], by
targeting SQSTM1/p62 [43]. Therefore, miR-106b might participate in AD pathology
by regulating APP expression, cell cycle reentry, apoptosis, or even neuronal
differentiation.

miRNAs and PD
Dysregulation of miRNA in PD
PD is a neural degenerative disease with symptoms that include tremors,) rigidity,
and bradykinesia [44]. The most prominent pathological features are neuronal loss
in the substantia nigra [44] and the cellular accumulation of α-synuclein in Lewy
bodies [45, 46].
miRNA microarray analyses revealed that miR-34c-5p and miR-637 were signiﬁcantly downregulated in the amygdala of PD patients compared with controls [47].
Another miRNA, miR-133b, was found to be downregulated in the midbrain of PD
patients compared with controls [13]. In peripheral blood mononuclear cells
(PBMCs), miR-335, -374a/b, -199, -126, -151-5p, -29b/c, -147, -28-5p, -30b/c,
-301a, and -26a were found to be decreased in PD patients compared with controls
[48]. In PD C. elegans models, miR-64/65 and let-7 were shown to be downregulated
compared with controls [49].

miR-133b in PD
In sporadic PD patients, miR-133b is signiﬁcantly downregulated [13]. miR-133b is
a midbrain-enriched miRNA. Overexpression of miR133b moderately promotes the
initial stage of DA neuronal differentiation, while inhibiting terminal differentiation, as indicated by the reduced expression of DAT and TH [13]. Dopamine release
is also reduced in miR-133b-overexpressing cells. Conversely, inhibition of
miR133b in ES cells potentiates DA neuron terminal differentiation and enhances
dopamine release [13].
Pituitary homeobox 3 transcription factor (Pitx3) is one of miR-133b’s targets
[13]. Pitx3 is important not only for DA neuron differentiation but also for the longterm survival of these neurons [50]. Thus, it seems that the decreased expression of
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miR-133b in PD patients might participate in PD pathogenesis by affecting DA
neuron differentiation. miR-133b and Pitx3 also form a feedback loop in the regulation of DA neuron differentiation. Bioinformatics searches predicted that Pitx3 is one
of miR-133b’s targets. This was conﬁrmed by a luciferase assay.
However, overexpression of Pitx3 in differentiating ES cells causes an increase
in the expression of miR-133b. The regulation of Pitx3 by miR-133b seems direct
because the binding between Pitx3 and the promoter of miR-133b was also conﬁrmed by a luciferase assay [13, 51].

miR-107 in PD
Kim and his colleagues reported downregulation of miR-107 in the midbrain of PD
patients [13]. One of miR-107’s targets is progranulin. Progranulin is a secreted
growth factor and also a major genetic cause of frontal temporal dementia [52, 53].
miR-107 is also involved in cell cycle regulation through targeting CDK6, which is
important for entry into the G1 phase [54, 55]. As cell cycle reentry commonly
leads to cell death in postmeiotic neurons, decreased miR-107 may lead to increased
expression of CDK6 and then the promotion of cell cycle reentry, which ﬁnally
causes cell death. The expression of miR-107 is directly upregulated by p53 [56].
Using a luciferase assay and a ChIP assay, Yamakuchi and colleagues identiﬁed a
p53 binding site in the 5′UTR of the miR-107’s parent gene, pantothenate kinase
enzyme 1 (PANK1). Genotoxic stress induces increased expression of miR-107 in a
p53-dependent manner [56].

miR-34 in PD
Decreased expression of miR-34 is found in various brain regions of PD patients
compared with age-matched controls [22]. The decreased expression of miR-34 in
PD patients is an early-stage event, indicating that it is not a secondary response to
disease development or drug treatment. It has been shown that the reduction of
miR-34 in differentiated SH-SY5Y cells can lead to disruption of the mitochondrial
membrane and increased oxidative stress, which in turn leads to decreased cell viability [22].
Bioinformatic studies indicated that Parkin is one of the targets of miR-34;
however, this relationship cannot be proven by Western blot analysis. Targets of
miR-34 also include SIRT1 [57, 58], Bcl-2 [22], Cdk4, and cyclin D2 [59]. Bcl-2,
which is an anti-apoptotic protein, showed an increase in response to miR-34
inhibition and might protect cells from apoptosis. Cdk4 and cyclin D2 are cell
cycle regulators that are involved in cell cycle reentry, which triggers cell death in
mature neurons [59]. By using a luciferase assay, it was found that p53 can directly
bind to the promoter of miR-34a [60]. Conversely, miR-34a can indirectly regulate the expression of p53 by repressing the expression of HDM4, which can
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inhibit the expression of p53 by its RING domain [61]. Thus, the double-positive
feedback between p53 and miR-34a forms a locked checkpoint to execute the proapoptotic process.

miR-205 in PD
In sporadic PD patients, Lrrk2 is considered an important pathogenic factor; Lrrk2
is signiﬁcantly increased in patients compared with controls [46]. Interestingly,
miR-205, which targets the 3′UTR of Lrrk2 and can regulate Lrrk2 expression, was
signiﬁcantly downregulated in the frontal cortex and striatum of sporadic PD
patients compared with controls [62].
In contrast, miR-181, -19, and -410, which also contain the 3′UTR binding site
of Lrrk2, lacked a signiﬁcant change in expression in sporadic PD patients.
Overexpression of miR-205 in Lrrk2 R1441G mutant primary neurons rescued the
shortened neurite phenotype [62]. Interestingly, overexpression of miR-29, which
functions in the apoptotic pathway, cannot rescue the phenotype [62], which means
that miR-205 works through Lrrk2 in regulating neuronal survival and that the
downregulation of miR-205 contributes, at least in part, to the PD pathology induced
by elevated Lrrk2 activity [62].

miRNAs and HD
Dysregulated miRNA in HD
HD is a NDD characterized by cognitive and motor defects. It is caused by CAG
repeat expansion ,)in the huntingtin (HTT) gene. Pathologically,,) progressive neuronal death is found in the cortex and striatum of HD patients.
Mutant HTT protein, which harbors an expanded polyglutamine tract, has been
shown to be associated with Ago2 and P-bodies [63], cytoplasmic sites of RNA
metabolism, and RNAi and miRNA activity [64, 65]. Thus, a change in miRNA
activity has been proposed to be responsible for the defects in HD. By using RNA
sequencing, microarray, and qRT-PCR techniques, Marti et al. found a set of
miRNAs that showed dysregulation in the frontal cortex and striatum of HD patients.
These miRNAs include miR-100, -151-3p, -16, -219-2-3p, -27b, -451, and -92a,
which showed increased expression in the diseased tissue, and miR-128, -139-3p,
-222, -382, -433, and -483-3p, which showed decreased expression in the HD
patients [66]. Moreover, HTT also interacts with repressor element-1 silencing transcription factor (REST) [67].
Johnson et al. selectively detected changes in the expression of REST-targeting
miRNAs, including miR-9, -29a, -29b, -124a, -132, -135b, -139, -203, -204, -212,
-330, and -346, in the cortex of R6/2 mice, which are an animal model of HD [68].
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They found that four miRNAs, including miR-29a, -124a, -132, and -330, were
decreased, while their mRNA targets were correspondingly increased. However,
only the change in miR-132 has been further conﬁrmed in the parietal cortical tissue
of human patients [68]. Packer et al. also detected the expression change of RESTtargeting miRNAs in HD patients, but using Brodmann’s areas [69]. They found
that the expression of ﬁve miRNAs, including miR-9, miR-29b, miR-124a, and
miR-132, were signiﬁcantly changed in HD patients [69].

miR-9 in HD
miR-9-5p and miR-9-3p are both decreased in early HD. As mentioned above,
REST, which is a transcription factor that inhibits genes important for neuronal differentiation, is one of the downstream effectors of HTT in HD pathology, and miR-9
is one of the miRNA targets of REST [67, 69]. Aberrant subcellular distribution of
REST has been observed in HD [67, 69]. On the other hand, REST and CoREST are
also the targets predicted for miR-9-5p and miR-9-3p (TargetScan). Thus, the feedback regulation loop between miR-9 and REST plays an important role in
neurogenesis.
Overexpression of miR-9 inhibits the proliferation of neural progenitor cells
(NPCs) and promotes neuronal morphogenesis. The pro-neuronal differentiation
role of miR-9 is not only mediated by its repression of REST expression but also by
its repression of the expression of BAF53a (ACTL6A), which inhibits neurogenesis
by regulating chromatin remodeling [70]. Some researchers also claimed that the
pro-neurogenesis effect of miR-9 is mediated by the phosphorylation of STAT3
[71]. It is not surprising that miR-9 promotes neurogenesis by regulating various
protein targets with regard to the divergent effect of miRNAs on the proteome [5].
The genes that are important for neuronal differentiation are also important for neuronal survival. For example, one of the targets of REST is BDNF, which is essential
for neuronal survival. Thus, the decreased expression of miR-9 in HD might contribute to the development of the disease by impairing neurogenesis and neuronal
survival.

miR-22 in HD
miR-22 is decreased in HD [69]. Bioinformatic studies indicated that miR-22 targets histone deacetylase 4 (HDAC4), REST co-repressor 1 (Rcor1), and regulator
of G-protein signaling 2 (Rgs2) [72]. All three of these genes are important for
neurogenesis and neuronal survival and have been implicated in HD pathogenesis.
Importantly, the targeting of these three genes by miR-22 has been demonstrated
by luciferase assay [72]. Moreover, overexpression of miR-22 in vitro protects
neurons against various stresses [72]. miR-22 overexpression has been shown to
reduce the activity of caspases, and miR-22 can also directly inhibit the expression
of pro-apoptotic proteins, such as mitogen-activated protein kinase 14/p38
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(MAPK14/p38) and tumor protein p53-inducible nuclear protein 1 (Tp53inp1).
Furthermore, miR-22 can also decrease the accumulation of mutant HTT via an
unknown mechanism. Taken together, these results indicate that miR-22 is strongly
associated with HD through the neurogenesis and neuronal survival pathway [72].

miR-128 in HD
miR-128 is a neuronally enriched miRNA that plays an important role in neuronal
differentiation and survival [73]. It is decreased in the brains of HD mice, monkeys,
and humans [66, 69, 74, 75]. In addition to its effect on neurogenesis and neuronal
survival, miR-128 is also directly involved in the HTT signaling pathway by targeting HTT, HTT interacting protein 1 (HIP1), SP-1, and GRM5. The targeting of
these three genes by miR-128 has been demonstrated by luciferase assay [74]. Thus,
miR-128 might be involved in the pathogenesis of HD either by regulating neuronal
differentiation and survival or by regulating the HTT signaling pathway.

miR-132 in HD
miR-132 is also downregulated in the cortex of HD patients [75]. miR-132 is another
neuronally enriched miRNA. The transcription of miR-132 is directly regulated by
CREB and the BDNF pathway, which is known to be crucial in neuronal differentiation and survival [76]. miR-132 can target p250GAP [77], which is important in
neurogenesis, and MeCP2 [78], which regulates BDNF expression in the brain.
Thus, dysregulation of miR-132 in HD might contribute to disease development by
affecting BDNF balance and impairing neurogenesis in the diseased brain.

miRNAs and ALS
Dysregulated miRNA in ALS
ALS is a progressive NDD that affects nerve cells in the brain and spinal cord.
Motor neuron,) loss gives rise to malfunctions in muscle,) tissues, causing weakness, atrophy, and ultimately paralysis and death.
Although 90 % of ALS cases are sporadic, a subset of ALS patients is found to
carry a TDP-43 mutation [79]. TDP-43 is an RNA binding protein and interacts
with Drosha, which is a key miRNA processing enzyme [80, 81]. These ﬁndings
raise the possibility that TDP-43 may play a role in miRNA processing. In fact, the
expression levels of some miRNAs are affected in TDP-43 mutant ﬂies [82].
Furthermore, P-bodies, where RNA metabolism happens, form in response to cellular stress and are central to ALS pathogenesis [83, 84]. Taken together, these ﬁndings indicate that miRNAs might be dysregulated in ALS and that the misregulated
miRNAs might also be involved in the pathogenesis of ALS.
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Using RT-qPCR, Campos-Melo et al. have demonstrated that miR-146, miR-524-5p,
and miR-582-3p are dysregulated in the spinal cords of ALS patients. miRNA target
analysis has shown that these miRNAs target the 3′UTR of low molecular weight
neuroﬁlament (NFL) [85]. Meantime, Koval et al. also identiﬁed expression changes
of miR-24, miR-142-3p, miR-142-5p, miR-1461, miR-146b, and miR-155 in the spinal cords of both ALS animal models and human patients [86]. Besides the CNS,
miRNA dysregulation was also found in the immune system in HD. miRNAs, such as
let-7a, let-7b, miR-27a, -146a, -451, -223, -142-5p, and -155, were signiﬁcantly
upregulated in spleen-derived Ly6Chi monocytes both prior to and during the onset of
ALS in SOD1 transgenic mice (an ALS mouse model) [87].

miR-206 in ALS
miR-206 is a skeletal muscle-speciﬁc miRNA. It is observed to be dramatically
increased during the nerve reinnervation process in SOD1 transgenic mice.
Consistently, miR-206 knockout worsens the disease and shortens the lives of SOD1
mice [88]. miR-206 was found to induce the secretion of ﬁbroblast growth factor
binding protein 1 (FGFBP1) from muscle by inhibiting HDAC4 translation [88].
FGFBP1 can promote presynaptic differentiation at the neuromuscular junction by
binding to FGF [89]. Thus, miR-206 is beneﬁcial to heal ALS due to its promotion
of synaptogenesis through FGFBP1 signaling.

miR-155 in ALS
miR-155 is increased in both sporadic and familial ALS patients. This increase is
harmful because when the increased expression of miR-155 is inhibited in the brains
of SOD1G93A rats, the survival of the rats increases [86]. miR-155’s function is
mostly known in the immune system, where miR-155 was shown to promote tissue
inﬂammation and macrophage inﬂammatory responses [90]. It has been shown that
miR-155 can target SOCS1 mRNA and in turn increase pro-inﬂammatory cytokine
secretion [91]. Furthermore, miR-155 can also downregulate the action of TGF-β,
an important cytokine involved in immunosuppression by suppressing two of its
targets, SMAD2 [92] and SMAD5 [93].

Therapeutic Potential of miRNAs in Neurodegenerative
Diseases
Abnormal increases or decreases in the expression of various miRNAs may contribute to the pathophysiology of NDDs (Table 6.1). The replacement or inhibition of
downregulated or upregulated miRNAs may therefore be clinically beneﬁcial in the
treatment of these disorders [94–96].
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Table 6.1 Summary of miRNAs involved in NDDs
NDDs
AD

PD

HD

ALS

miRNAs
miR-9
miR-29
let-7b
miR-106b
miR-133b

Target genes
BACE1
Bim; Bmf, Hrk; Puma
TLR7(binding)
APP
Pitx3

miR-107
miR-34
miR-205
miR-9
miR-22

Progranulin; CDK6
SIRT1; Bcl-2; CDK4
Lrrk2
REST/CoREST
HDAC4; Rcor1; Rgs2;
p38; Tp53inp1
HTT; HIP1
P250GAP; MeCP2
HDAC4
SOCS1; TGF-β

miR-128
miR-132
miR-206
miR-155

Biological process involved
APP cleavage
Neuronal survival
Immune response
APP signaling
DA neuron differentiation and
survival
Neuronal survival
Neuronal survival
Neuritis outgrowth
Neurogenesis
Neurogenesis and
neuronal survival
Neuronal differentiation
Neurogenesis
Nerve reinnervation
Immune response

References
[30]
[31]
[36]
[33]
[13]
[53–56]
[22, 57–59]
[62]
[67, 69]
[72]
[74]
[77, 78]
[88]
[91–93]

Most of the progress made in the development of RNA-based therapies has been
associated with hereditary NDDs, such as HD [97]. Delivery of a U6 promoterdriven shRNA effector using an adeno-associated virus serotype 1 (AAV1) vector
has been shown to target human huntingtin protein, and this treatment could yield
improvements in HD-associated neuropathology and behaviors [97]. Although it is
difﬁcult to deﬁne the appropriate therapeutic targets in sporadic NDDs, recent progress has been made in RNA-based silencing of targets linked to common sporadic
forms of PD and AD. For instance, Sapru et al. have successfully targeted the alpha
synuclein pathway in the context of PD [98], while in the case of AD, the amyloid
[99, 100] and BACE1/β-secretase [101] pathways have both been targeted, with the
latter yielding a striking improvement in disease phenotypes.

Development of miRNA-Based Therapeutics
There are two main miRNA-based therapeutic strategies being developed in vivo:
• microRNA mimics
• Anti-microRNAs
miRNA mimics, which are small RNA molecules that resemble miRNA precursors, are used to downregulate the expression of speciﬁc target proteins.
These proteins can be associated with disease pathogenesis, or with the disease
gene itself, and have a gain-of-function pathogenic mutation. The goal of this
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strategy is based on the hypothesis that decreasing the level of a speciﬁc protein
is a protective therapeutic approach.
The second strategy, which has been more widely studied, involves the exploitation
of anti-miRNA molecules to create a loss-of-function in the miRNA of interest
[102]. In certain disease conditions in which miRNAs are over-expressed, the aim
would be to block these miRNAs by introducing a complementary RNA sequence
that binds to and inactivates the targeted miRNAs. A major objective in these efforts
is to develop oligonucleotides that achieve high in vivo efﬁcacy without signiﬁcant
toxicity.

Development of Anti-microRNA-Based Therapeutics
Antisense Oligonucleotides
Mature miRNAs can be inactivated by administering short complementary synthetic antisense oligonucleotides (ASOs) [103]. Recently, ASOs have been shown
to block miRNA precursors and miRNAs without degrading the target RNA [104].
While the complete mechanism behind ASO-mediated inhibition of miRNA activity remains to be determined, anti-miRNA ASOs are likely to be featured as important future therapeutic agents.

Antagomirs
Antagomirs are usually cholesterol-conjugated ASOs that are capable of improving
the degradation of speciﬁc mRNAs when administered in vivo [105]. To achieve
this, Stoffel’s group designed “antagomirs,” which are RNA snippets conjugated to
cholesterol molecules that help the RNA enter into the cells [105]. Intravenous
administration of antagomirs results in an apparent decline of corresponding miRNA
levels in many organs, such as liver, lung, kidney, heart, and intestine. The silencing
of endogenous miRNAs by this method is speciﬁc, efﬁcient, and long-lasting.
However, antagomirs cannot cross the blood–brain barrier (BBB) but can penetrate
brain cells if injected directly into the brain [106].

miRNA Sponge
Another experimental strategy developed in recent years to inhibit miRNA function
is to exploit synthetic sponge mRNA, which contains complementary binding sites
to a miRNA of interest [107, 108]. When the sponge is expressed from transgenes,
it speciﬁcally hampers the activity of a family of miRNAs that have a common seed
sequence, resulting in the sequestration and blocking of a whole family of related
miRNAs [108].
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Typical sponge constructs are composed of four to ten binding sites separated by
a few nucleotides each. The efﬁciency of a miRNA sponge depends not only on its
afﬁnity for its binding sites but also on need for a high amount of sponge RNAs relative
to the amount of the miRNA, which can be achieved by expressing the sponge from
a strong promoter, such as the CMV promoter. The sponge method presents several
advantages [108]. First, making a sponge to miRNA is easier than knocking it out.
Second, many miRNAs have the same seed sequence but are encoded by multiple
distant loci; therefore, each locus will have to be knocked out individually and the
animals cross-bred to generate a strain with complete knockout. Further, as some
miRNA precursors are transcribed in clusters, the deletion of a miRNA within a
cluster will be difﬁcult to achieve without affecting others in the same cluster.
Because sponges interact with mature miRNAs, their effectiveness is unaffected by
the latter two situations. Although sponge technology has advantages in experimental settings, further investigations will be required to develop it into a therapeutically
viable strategy.

Locked Nucleic Acid
As the miRNA research ﬁeld progressed, the ﬁrst challenge was to develop and
improve miRNA detection and functional analysis tools given the small size and
sometimes low levels of expression of different miRNAs. An important addition to
the miRNA toolbox came from locked nucleic acid (LNA) [109]. LNA-modiﬁed
oligonucleotides possess high thermal stability when hybridized with their cognate
mRNA target molecules and therefore appear to be ideally suited for the targeting
of small RNAs, such as miRNAs [109–111]. LNA is a family of conformationally
locked nucleotide analogs that are relatively resistant to nuclease activity and may
prove to be a suitable platform for the development of miRNA-based therapeutics.
For example, it is known that miR-122 regulates cholesterol metabolism and hepatitis C virus (HCV) replication [112]. An LNA-modiﬁed ASO blocked miR-122
activity in the liver of African green monkeys without any evidence of toxicity
[112], induced long-lasting decreases in plasma cholesterol levels, and decreased
HCV levels in the blood of HCV-infected chimpanzees [113].

Development of miRNA Biogenesis-Based Therapeutics
In addition to the development of mimetic and ASOs to modulate miRNA function,
recent efforts have also been directed toward developing small-molecule drugs that
can inﬂuence the biogenesis of miRNAs or directly inﬂuence their function [114].
The small-molecule anti-inﬂammatory drug enoxacin (Penetrex™) promotes the
biogenesis of endogenous miRNAs [115–117]. Conversely, compounds that disrupt
miRNA biogenesis have been identiﬁed [118]. It will be important to determine if
similar screening approaches can be used to identify chemical probes and potentially
useful drugs to selectively modulate the activity of miRNAs involved in NDDs.
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Challenge of Delivering Therapeutic miRNA Targets in NDDs
The use of miRNAs as potential therapeutic targets remains controversial with
regard to methods of delivery and target speciﬁcity. When considering a treatment
for NDDs that is mediated by miRNA delivery, we have to assess its ability to pass
through the BBB as well as its neurotoxicity and off-target effects. To overcome the
problem of the BBB, several siRNA delivery systems are being developed for
in vivo purposes. These include vector-based, chemically modiﬁed, and “packaged”
RNA oligonucleotides [119].

Crossing the BBB to Deliver Therapeutics miRNA Targets
Exosome
A major drawback in delivering ASOs is the relative difﬁculty of crossing the
BBB. Intriguingly, systemically injected exosomes, which are small transport vesicles secreted by many classes of mammalian cells, can be used to selectivity deliver
small RNAs to the brain in mice [120]. Exosomes are cell-derived vesicles that
enable cell-to-cell communication by transferring RNA molecules and proteins
[120]. They have been shown to preserve mRNAs and miRNAs in the presence of
RNase and to subsequently deliver them to recipient cells [121]. In particular,
Alvarez-Erviti et al. isolated brain-targeting exosomes from dendritic cells bioengineered to express an exosomal membrane protein (lamp 2b) fused to a ligand of the
acetylcholine receptor. Exosomes were then loaded with siRNAs targeting BACE1
mRNA by electroporation and injected intravenously, resulting in a signiﬁcant
knockdown of BACE1 expression [120]. Using this approach as a future therapeutic
vehicle to deliver siRNA/miRNA is worthy for several reasons, including the speciﬁc targeting of exosomes to the brain following systemic delivery, the ability to
load the desired siRNA/miRNA into the exosomes, and the ability to escape an
immune response.

Non-viral
To avoid the action of nucleases, chemical modiﬁcation or non-viral carriers can be
used [122]. Conjugation with non-viral carriers might induce marked toxicity
because RNA molecules will also enter the non-targeted cells due to an interaction
between the negatively charged cellular membrane and cationic carriers [123]. After
RNA molecules have passed these physiological barriers, they have to enter the
target cells to elicit their effects. This means that they have to cross the cell membrane, escape endosomes, and localize to the nucleus. Therefore, nuclear-localization
signals and cell-penetrating and endosomal-release signal peptides can inﬂuence
the duration of action of injected RNA molecules [124].
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Viral
Adenoviral, lentiviral, and adeno-associated virus-based local delivery has also
been performed in animal models of AD and HD [97], demonstrating signiﬁcant
improvement. Nevertheless, the strategy to locally deliver a drug to the brain is still
far from normal practice because of the complexities associated with direct injection into the human brain.

Toxicity and Off-Target Effects of Delivering Therapeutic
miRNA Targets
There are considerable challenges to the clinical application of exogenous RNAi
effector sequences. A number of toxicities are associated with siRNAs and exogenous RNAi precursors. High levels of expressed shRNAs in the liver are known to
cause fatalities in mice due, in part, to saturation of the endogenous RNAi machinery [125], and McBride and colleagues have observed toxicity arising from shRNAbased vectors in the brain [126, 127]. Expressed shRNAs likely abrogate the
function of natural miRNAs [125, 128, 129]. Therefore, careful consideration
should be given to the dosage used when applying ectopically introduced RNAi
effectors. Another area of concern is the possibility of off-target inhibition of unintended mRNAs through interactions between the 6- to 7-nt seed region of the exogenous siRNA guide sequences and the target mRNAs. Many off-target effects of this
nature have been observed when introducing exogenous siRNAs [130–132]. Offtarget effects can in some instances be mitigated by introducing speciﬁc base modiﬁcations within the siRNA duplex [133]. However, to determine the full extent of
any off-target inhibition, prior screening using candidate RNA and protein expression array analyses may be required [5].

Conclusion
In summary, the current evidence clearly points to a signiﬁcant role for miRNAs in
NDDs. miRNAs are of particular interest in understanding these complexes of disorders because they can potentially regulate several pathways involved in the onset
and progression of these diseases. The study of miRNA appears particularly promising for understanding the very prevalent but poorly understood sporadic forms of
NDDs, such as AD and PD. The challenge now is to understand the role of speciﬁc
miRNAs in biological models and to translate this knowledge to clinical studies.
Moving forward, the development of tools for the delivery, stable expression and
controlled modulation of miRNA levels and their action in vivo will be a valuable
asset in enhancing the therapeutic value of miRNAs in NDDs.
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Chapter 7

microRNAs and Fragile X Syndrome
Shi-Lung Lin

Abstract Fragile X syndrome (FXS) is one of the major causes for autism and
mental retardation in humans. The etiology of FXS is linked to the expansion of the
CGG trinucleotide repeats, r(CGG), suppressing the fragile X mental retardation 1
(FMR1) gene on the X chromosome, resulting in a loss of fragile X mental retardation protein (FMRP) expression, which is required for regulating normal neuronal
connectivity and plasticity. Recent studies have further identiﬁed that microRNAs
are involved in the mechanisms underlying FXS pathogenesis at three different
developmental stages. During early embryogenesis before the blastocyst stage, an
embryonic stem cell (ESC)-speciﬁc microRNA, miR-302, interferes with FMR1
mRNA translation to maintain the stem cell status and inhibit neural development.
After blastocyst, the downregulation of miR-302 releases FMRP synthesis and subsequently leads to neuronal development; yet, in FXS, certain r(CGG)-derived
microRNAs, such as miR-fmr1s, are expressed and accumulated and then induce
DNA hypermethylation on the FMR1 gene promoter regions, resulting in transcriptional inactivation of the FMR1 gene and the loss of FMRP. In normal neuronal
development, FMRP is an RNA-binding protein responsible for interacting with
miR-125 and miR-132 to regulate the signaling of Group 1 metabotropic glutamate
receptor (mGluR1) and N-methyl-D-aspartate receptor (NMDAR), respectively, and
consequently affecting synaptic plasticity. As a result, the loss of FMRP impairs
these signaling controls and eventually causes FXS-associated disorders, such as
autism and mental retardation. Based on these current ﬁndings, this chapter will
summarize the etiological causes of FXS and further provides signiﬁcant insights
into the molecular mechanisms underlying microRNA-mediated FXS pathogenesis
and the related therapy development.
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Introduction
A large portion of the genome is noncoding DNA, which often contains
microsatellite-like short nucleotide repeats with unknown function. Recent studies
have shown that the transcripts of certain trinucleotide repeats can fold into hairpinlike RNAs, which are then further processed by RNaseIII-associated Dicers into
microRNAs (miRNAs) or miRNA-like gene silencing molecules that are sized
about 18–27 nucleotides and capable of interfering with speciﬁc target genes
through either posttranscriptional mRNA degradation or translational suppression,
or both [1–5].
These miRNAs play crucial roles in several triplet repeat expansion diseases
(TREDs), including fragile X syndrome (FXS), Huntington’s disease (HD), myotonic dystrophy (DM), and a number of spinocerebellar ataxias (SCAs). Yet, most
of the pathogenic mechanisms underlying these diseases remain largely unclear. To
this, we will use FXS as a model to demonstrate how miRNAs are involved in the
pathogenesis of FXS-associated disorders, such as autism and mental retardation.
FXS is one of the most common forms of inherited mental retardation, taking up
approximately 30 % of total human mental retardation disorders [6]. This disease is
originated from the transcriptional inactivation of fragile X mental retardation 1
(FMR1) gene and thus losing its encoded protein, FMRP. FMRP is associated with
polyribosome assembly to form ribonucleoprotein (RNP) complexes that regulate
certain protein translation involved in neuronal development and plasticity [7].
FMRP also contains a nuclear localization signal (NLS) and a nuclear export
signal (NES) for shuttling certain mRNAs between the nucleus and cytoplasm [8,
9], albeit the function remains to be determined. As previous studies have shown
that FMR1 gene is inactivated by the over-expansion of CGG trinucleotide repeats
(i.e., r(CGG) ≥200 copies) and the hypermethylation of the FMR1 r(CGG) and
promoter regions in 99 % of FXS patients [10], the pathological cause of FXS likely
resides in certain interactions between r(CGG) over-expansion and FMR1 hypermethylation. Conceivably, r(CGG)-derived miRNAs may play a key role in this
gene silencing mechanism.
Since RNA is a highly degradable material, research of the miRNA-associated
FXS mechanisms requires the use of fresh samples isolated from either patient’s
brain biopsies or comparable animal models. Due to lack of fresh human samples,
almost all current studies adopt animal models instead. Zebraﬁsh (Danio rerio) has
been served as an excellent model for studying human mental disorders, including
FXS and autism [11].
They possess three FMR1-related familial genes, fmr1, fxr1, and fxr2, which are
orthologous to the human FMR1, FXR1, and FXR2 genes, respectively [12]. The
tissue expression patterns of these familial genes in zebraﬁsh are broadly consistent
with those of humans as well [12, 13]. To investigate the effects of r(CGG)-derived
miRNA over-expression on brain development, we had found and sequenced a
450-nucleotide r(CGG) expansion motif located in and beyond the zebraﬁsh fmr1
5′-untranslational region (5′-UTR), which contains approximately 50 copies of
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r(CGG) similar to the numbers in normal human FMR1 gene [3, 4]. In this r(CGG)-rich
region, we further identiﬁed and isolated several r(CGG)-derived miRNAs, providing the ﬁrst in vivo evidence of miRNA involvement in FXS pathogenesis [3, 4]. In
view of all these genetic similarities between human and zebraﬁsh, studies using
this zebraﬁsh FXS model not only have shed signiﬁcant light on the pathological
mechanisms of human FXS but also are useful for developing potential therapies
for treating FXS-associated disorders.
Based on the current ﬁndings, miRNAs are involved in FXS during three developmental stages, including pre-blastocyst, post-blastocyst, and neural development, as
illustrated in Fig. 7.1. Embryonic cells prior to the blastocyst (32–64-cell) stage are
undifferentiated. This is because embryonic stem cell (ESC)-speciﬁc miRNAs, in particular miR-302, induce the expression of ESC-speciﬁc transcription factors, such as
Oct4, Sox2, and Nanog, to maintain the undifferentiated state of stem cells and inhibit
developmental signals [14, 15]. In addition, miR-302 also targets the FMR1 mRNA
3′-UTR nucleotide 2774–2789 region (accession number NM_002024) for translationally suppressing FMRP synthesis. Such miR-302-mediated FMRP suppression is

Fig. 7.1 Functional roles of FMR1/FMRP-associated miRNAs in neural development. Three
groups of miRNAs were identiﬁed to affect FMR1 and FMRP expressions at different developmental stages: (1) Before the embryonic blastocyst stage, miR-302 suppresses FMR1 mRNA
translation to maintain the ESC status and inhibit neural development. (2) After blastocyst, the
expression of FMR1 mRNA generates r(CGG)-derived miR-fmr1 miRNAs. In FXS, the overexpression and over-accumulation of miR-fmr1s in the neuron nuclei trigger DNA hypermethylation and hence inactivate FMR1 transcription, the most prevalent event in FXS. (3) During neural
development, miR-125a, miR-125b, and miR-132 may interact with FMRP to regulate the translation of certain neural proteins required for maintaining normal synaptic connection and plasticity.
In FXS, the loss of FMRP may abolish these miRNA-mediated regulations and thus leads to the
pathologies of FXS-related disorders, such as mental retardation and autism
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a normal developmental event during the pre-blastocyst stage in order to maintain the
pluripotency of early ESCs.
After blastocyst, most of the ESC-speciﬁc miRNAs are downregulated and then
ectodermic differentiation begins. At this post-blastocyst stage, FMR1 expression is
escalated and its transcripts are quickly accumulated. As a result, the processes of
FMR1 mRNA maturation generate r(CGG)-derived miRNAs. In normal individuals, the level of r(CGG)-derived miRNAs is not sufﬁcient to affect FMR1 gene
expression; yet, the high expansion of r(CGG) in FXS causes over-expression and
over-accumulation of these r(CGG)-derived miRNAs and hence leads to the inhibition of FMR1 and its protein FMRP expression. Since FMRP is responsible for
regulating miR-125- and miR-132-mediated protein translation required for maintaining neuronal connectivity and synaptic plasticity [16, 17], the deﬁciency of
FMRP disrupts these miRNA-mediated regulations and consequently results in premature neuronal development. In view of this established disease model, we will
further discuss the functional roles of r(CGG)-derived miRNA, miR-125 and miR132 in FXS pathogenesis.

Identification of r(CGG)-Derived miRNAs in a Zebrafish
FXS Model
Human and zebraﬁsh brains share many genetic and structural similarities [11–13].
As it is impossible to directly experiment on living human brain tissues, the current
studies of r(CGG)-derived miRNAs are mainly based on a transgenic zebraﬁsh FXS
model. To mimic human FXS, an r(CGG)-rich DNA motif isolated from the zebrafish fmr1 5′-UTR r(CGG) expansion region (accession number NW001511047 from
the 124001st to 124121st nucleotide) is transgenically overexpressed with high titer
retroviral delivery into zebraﬁsh brains [3, 4].
The over-expression of this r(CGG)-rich motif is mediated by an isolated gammaaminobutyric acid receptor ßZ2 (GABAR2) promoter and hence only occurs in the
GABAergic neurons of cortex, hippocampus, and cerebellum [4, 5]. Since previous
studies have established that GABAR2 and FMR1 genes are co-expressed in the
GABAergic neurons [18, 19], the zebraﬁsh FXS model so obtained can speciﬁcally
reﬂect the damages of r(CGG)-derived miRNAs in the FMR1-positive neurons and
subsequently prevents any potential off-target effect in other kinds of neuronal cells.
Furthermore, by adjusting the multiplicity of retroviral infection (MOI), we can
control the expression levels of r(CGG)-derived miRNAs to a certain amount sufﬁcient to trigger the transcriptional suppression of FMR1, resembling the same etiological mechanism of human FXS [4, 5].
As depicted in Fig. 7.2a, wild-type zebraﬁsh contains approximately 35–50 copies of CGG repeats in the fmr1 5′-UTR, whereas the r(CGG) number in the FMR1
of human FXS is over 200, which conceivably may generate more than four times
of r(CGG)-derived miRNAs.
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Fig. 7.2 Model of the transgenic r(CGG)-overexpressing zebraﬁsh resembling human
FXS. Normal zebraﬁsh fmr1 5′-UTR region contains 35–50 r(CGG) copies, whereas the estimated
r(CGG) number in human FXS FMR1 is ≥200. In order to mimic the expression levels of human
miR-fmr1s in FXS, the fmr1 r(CGG) region was overexpressed ≥6-folds, leading to pathological
results similar to human FXS. (a) Dose-dependent correlation between r(CGG)-derived miR-fmr1
expression and transcriptional fmr1 suppression, determined by northern blotting (p < 0.01). The
levels of miR-fmr1 expression and fmr1 knockdown were proportional to the expression rates of
r(CGG) expression. (b) Sequence and structural features of the r(CGG)-derived miR-fmr1 precursor. From the 5′ to 3′ end, it contains several key motifs, such as a poly-pyrimidine tract (PPT), an
r(CGG)-rich hairpin-like pre-miRNA structure, a NIS, a short poly(A) tail, and sometimes a G/Crich tract. Two miRNA isoforms had been identiﬁed as miR-fmr1-27 and miR-fmr1-42. (c) In situ
hybridization with an anti-miR-fmr1-27 probe showed the different miR-fmr1 expression patterns
between normal (wild-type) and FXS pallium–neocortical neurons

To create a condition similar to the r(CGG) over-expression in human FXS, we
have used retroviral delivery to introduce a GABAR2-mediated r(CGG)-expressing
red-shifted green fluorescent protein (RGFP) transgene into zebraﬁsh [4, 5]. An
r(CGG)-rich DNA motif isolated from the zebraﬁsh fmr1 5′-UTR is manually
placed in the 5′-UTR of the RGFP gene. After increasing the r(CGG) expression
over sixfolds of the normal level in zebraﬁsh, FXS-like disorders start to be observed
in the targeted GABAergic neurons, indicating the minimal threshold of the r(CGG)
over-expression levels required for inducing fmr1 gene suppression. Accordingly,
since the diseased human FMR1 possesses over 200 copies of r(CGG), this threshold may be actually lower than sixfolds in human FXS. Following the elevation of
r(CGG) over-expression, we have further identiﬁed the presence of two r(CGG)derived miRNAs, namely miR-fmr1s, both of which are increased corresponding to
the levels of r(CGG) expression. Meanwhile, the fmr1 gene transcription is decreased
in response to the increase of miR-fmr1 expression, suggesting that the expressed
r(CGG) RNA transcripts can be processed into miR-fmr1s and then result in suppressing the fmr1 gene transcription.
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The sequences of these two r(CGG)-derived miR-fmr1s have been conﬁrmed to
be miR-fmr1-27 and miR-fmr1-42, respectively, as shown in Fig. 7.2b. They share
a 26-nucleotide overlapping sequence in their 5′-end and are derived from the fmr1
5′-UTR r(CGG) expansion region approximately 65-nucleotide upstream of the
translational start codon (accession number NM_152963). Both miR-fmr1s contain
the same CCG-rich seed sequence for targeting the r(CGG) expansion region of the
fmr1 gene.
Notably, the miR-fmr1-42 further possesses three unique structures in its precursor microRNA (pre-miRNA) sequence, including (1) multiple matched CGG-CCG
base pairs in the stem arm of the hairpin-like pre-miRNA, (2) a nuclear import signal (NIS) motif located in the 3-end of the hairpin structure, and (3) multiple CCGrich DNA binding motifs in the mature miR-fmr1-42 sequence. Based on these
structures, it is conceivable that the NIS motif may allow the entry of mature miRfmr1-42 into the cell nucleus via a certain unidentiﬁed mechanism, while the multiple CCG-rich DNA binding motifs are involved in transcriptional suppression of
the fmr1 gene. In addition, the NIS motif is often ﬂanked with a short poly-A tail,
which may facilitate the decay of miR-fmr1-42 and hence prevents the miRNA
accumulation in the normal neurons.
The expression patterns of both miR-fmr1 isoforms have been identiﬁed in the
wild-type zebraﬁsh brain, particularly located in the lateral pallium-neocortical and
cerebellar neurons, as determined by ﬂuorescent in situ hybridization (FISH) staining with a speciﬁc locked nucleic acid (LNA) probe directed against the miR-fmr1-27
sequence (Fig. 7.3). As shown in Fig. 7.2c, the FISH staining also indicated that
wild-type pallium neurons (equivalent of human hippocampal stratum radiatum)
present a limited amount of miR-fmr1s in the cytoplasmic region surrounding the
cell nucleus, whereas the r(CGG)-overexpressing FXS neurons exhibit abundant
miR-fmr1 expression and accumulation in all over the dendrite, soma, and nucleus
areas. Further analyses using northern blotting of the two miR-fmr1s isolated from
either cytoplasm or nuclei of the pallium neurons revealed that miR-fmr1-42 is the
only miRNA accumulated in the nuclei of the FXS neurons [4, 5].
After deleting the NIS motif, the accumulation of miR-fmr1-42 is dramatically
reduced in the nucleus portion but found more in the cytoplasm, suggesting that NIS
may be required for the transporting of miR-fmr1-42 from the cytoplasm to the
nucleus [4].
Following the nuclear accumulation of miR-fmr1-42, a marked increase of epigenetic DNA methylation in the fmr1 promoter and its upstream region has been
detected by bisulﬁte PCR and sequencing assays [4]. It is also noted that these DNA
hypermethylation events occur mostly in the CpG-rich binding sites of several fmr1associated transcriptional cofactors, such as NRF1 (GCGCGC), SP1 (GC box), and
USF1/USF2 (E box). As previous studies have reported that blocking the binding of
these transcriptional cofactors may cause transcriptional inactivation of FMR1 in
human FXS [20], the currently established r(CGG)-overexpressing zebraﬁsh model
not only successfully reveals this pathological process but also provides signiﬁcant
insights into the molecular mechanism underlying miRNA-mediated FMR1
inactivation.
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Fig. 7.3 Expression patterns of miR-fmr1s in the wild-type 3-month-old zebraﬁsh brain. In situ
hybridization assays showed the normal miR-fmr1 expression mainly in the lateral pallium (section 1), pallium–neocortical junction (section 2), and cerebellum (section 3)

Role of miR-fmr1 in the Etiological Mechanism of FXS
In view all of the above studies, Fig. 7.4 summarizes the etiological mechanism of
FXS, in which excessive expression of r(CGG)-derived miRNAs, such as miRfmr1s, causes miRNA accumulation in the neuron nuclei and then forms RNAinduced transcriptional silencing (RITS) complexes to trigger massive DNA
methylation in the FMR1 gene promoter, consequently leading to the inactivation of
FMR1 transcription. As in this zebraﬁsh FXS model we only overexpressed onethird of the ~50 r(CGG) copies in wild-type fmr1 and had already identiﬁed two
miR-fmr1 isoforms, it is estimated that the ≥200 r(CGG) expansion in the diseased
FMR1 gene of human FXS may generate over 12 different kinds of r(CGG)-derived
miRNA isoforms to inactivate FMR1 transcription.
As a result, it will be very difﬁcult to target these various miR-fmr1s for treatment. Also, how to demethylate the methylated FMR1 gene promoter in FXS neurons is another problem. To overcome these problems, we need to understand the
detail RITS compositions in order to prevent the assembly between RITS and miRfmr1s; yet, till now the RITS components remain largely unknown.
To unveil the compositions of RITS, our studies have found that Dicer1 rather
than Drosha is required for the r(CGG)-derived miRNA biogenesis, while Rad54l
and MeCP2 may play crucial roles in the RITS assembly with miR-fmr1s [4, 5].
Using antisense morpholino oligonucleotides directed against certain key RNAi-
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Fig. 7.4 Mechanism of miRNA-mediated FXS pathogenesis. Over-expansion of r(CGG) in the
FMR1 gene that encodes FMRP underlies FXS-associated disorders, such as mental retardation
and autism. Repeats expanded over 200 copies (full mutation) lead to a complete loss of FMR1 and
FMRP expression. The pathological progression causing such FMRP deﬁciency includes eight
steps: (1) Transcription of the FMR1 gene starts after the embryonic blastocyst stage (i.e., day
7–10 human embryo or 10–12 h post-fertilization zebraﬁsh). (2) RNA splicing and further processing excise the 5′-UTR r(CGG) expansion of FMR1 mRNA into fragments. (3) The excised r(CGG)
fragments are further processed into various repeat-associated miRNA precursors by certain ribonucleases. (4) These miRNA precursors are exported to cytoplasm and then cleaved into mature
miR-fmr1s by RNaseIII Dicers. (5) Excessive miR-fmr1s are accumulated in cytoplasm around the
cell nucleus. (6) miR-fmr1s with a NIS signal enter the cell nucleus. (7) Nuclear accumulation of
miR-fmr1s induces the formation of RNA-induced transcriptional silencing (RITS) complexes
with Rad54l and MeCP2 near the FMR1 gene promoter. (8) RITS complexes trigger DNA hypermethylation and hence lead to transcriptional FMR1 inactivation, the most prevalent event in over
99 % of the FXS patients

and CpG methylation-associated effector genes [4], we discovered that the mechanism of miR-fmr1-mediated gene silencing requires activities of Dicer 1 RNase,
Rad54-like protein (Rad54l) and methyl-CpG binding protein 2 (MeCP2), but not
Drosha RNase. Since the processing of intronic miRNAs has been known to bypass
Drosha [21–23], the miR-fmr1 biogenesis may function through a similar process.
Moreover, our results also showed that both miR-fmr1 biogenesis and fmr1 inactivation can be prevented by the morpholino-mediated knockdown of Dicer 1, while
only the fmr1 inactivation but not miR-fmr1 biogenesis is affected by the knockdown of either Rad54l or MeCP2. To this, further studies revealed that the fmr1
gene transcription in FXS neurons is increasingly re-activated in response to the
decrease of either Rad54l or MeCP2 expression, suggesting that both Rad54l and
MeCP2 activities are likely required for the miRNA-mediated fmr1 inactivation. As
previous reports have manifested that both Rad54l and MeCP2 are involved in the
CpG methylation of repetitive chromatin sequences in autism spectrum disorders
[24], a similar mechanism may be reiterated to cause the miRNA-induced hypermethylation of the FMR1 r(CGG) expansion and promoter regions in human FXS.
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Pathologies of miR-fmr1-Induced FXS Disorders
The pathological outcomes of the currently established miR-fmr1-mediated FXS
animal model are completely reminiscent of the neurodegenerative and cognitive
impairments in human FXS disorders, including neuronal deformity, immature synapse formation, long dendritic spine shaping, diminishment of long-term potentiation (LTP), and augmentation of group 1 metabotropic glutamate receptor-dependent
long-term depression (mGluR1-LTD).
Alterations of neurite growth and synaptic connectivity have been examined in
the FXS zebraﬁsh brains, resembling the exact pathological features of human FXS
neurons (Fig. 7.5). Formation of long stripe neuronal dendrites is an important mark
of human FXS. In ﬁsh lateral pallium (equivalent of human hippocampal stratum
radiatum), wild-type neurons present normal neurite growth and branching dendriﬁcation, whereas miR-fmr1-affected FXS neurons exhibit long stripe dendrites and
disconnected synapses similar to those found in the human FXS hippocampal–neocortical junction [3–5]. In particular, high density of long, immature dendritic spines
is markedly increased, indicating failures in forming normal synaptic connections
between these FXS-affected neurons (Fig. 7.5a).
In FXS patients, changes in spine shape are often linked to the absence of FMRP
function [25]. FMRP is a translational inhibitor associated with local protein synthesis of certain mRNA species involved in neurite growth and synaptic connection,
providing a crucial regulatory process for eliminating immature synapses and
enhancing synaptic strength during normal brain development [26–28]. As a result,
the miR-fmr1-mediated FMR1 suppression causes FMRP deﬁciency and hence hinders synaptic strengthening through the formation of protein synthesis-dependent
synaptic connections, consequently leading to a cascade of events that FXS is
strongly implicated.
Impairment of synaptic plasticity is another major symptom of human FXS. Two
types of synaptic plasticity are dependent on protein synthesis: LTP and long-term
depression (LTD). LTP is a long-term increase in synaptic strength in response to
high-frequency stimulation, whereas LTD is a long-lasting decrease in synaptic
strength to below the normal baseline level after prolonged, low frequency stimulation. Both LTP and LTD underline the encoding activities of new declarative memories in brain [29]. LTP in hippocampus is a learning-associated form of synaptic
plasticity that is highly involved in the shape change of dendritic spines [30].
It is also known that theta activity (3–8 Hz) is the major late-phase (protein
synthesis-dependent) stimulation during the hippocampal encoding of long-term
memory [29]. As shown in FXS zebraﬁsh neurons (Fig. 7.5b), theta burst-stimulated
synapses of the pallium–neocortical junction (equivalent of human hippocampal
CA1–CA3) exhibit diminished LTP compared to that of the wild-type controls [4,
5]. This decreased LTP remains after the blockade of metabotropic GABAalpha
receptor (GABAAR)-dependent synaptic inhibition by picotoxin treatment, similar
to the reported response of human FXS neurons [4]. In addition, a decrease of the
input–output currents, measured at the peak amplitude of dendritic ﬁeld excitatory
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Fig. 7.5 Pathological alterations of FXS neurons. (a) Morphological changes of lateral pallium
neurons in FXS (middle row) and Nurr1-knockdown (Nurr1 KO; bottom row) zebraﬁsh as compared to the wild-types (top row). Using ﬂuorescent 3D-micrograph examination, three different
kinds of neuronal connectivity were observed, including normal (wild-type), disrupted (FXS),
tangled (Nurr1 KO) neurite growth and synaptic circuit formation. White arrows indicated the
formation of dendritic spines (most right panels). The Nurr1 KO transgenics were generated by
retroviral transfection of miR-739 into zebraﬁsh, showing the distinctions between different
miRNA functions. Abbreviations indicated: Pa pallium, sP subpallium, Te tectum, H hypothalamus. (b) Standard curves of synaptic LTP responses in pallium slices isolated from FXS zebraﬁsh.
Synaptic input–output fEPSP curves were evoked by varying bipolar current intensities, from 5.0,
10.0, 15.0, 25.0, 45.0, 65.0, 100.0 to 155.0 μA (pulse duration 0.1 ms). Calibration: 1 mV, 10 ms.
(c) Pulse-induced LTD curves were measured at 40 μA for 125 ms. Calibration: 50 pA, 50 ms

postsynaptic potentials (fEPSPs), occurs corresponding to the diminished LTP, indicating a lower excitatory membrane response in the FXS neurons [4]. Given that the
excitability of LTP of GABAergic neurons is mediated by activation of mGluR1
[31], further studies of the connection between miRNA-mediated FMRP deﬁciency
and mGluR1 activity may provided answers to the pathological mechanism underlying LTP diminishment in FXS.
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Post-synaptic stimulation of mGluR1 has been reported to increase the synthesis
of certain neural proteins that trigger internalization of α-amino-3-hydroxy-5methyl-4-isoxazole propionic acid receptors (AMPAR), leading to a process crucial
for LTD expression [32, 33]. FMRP, one of mGluR1-stimulated proteins, is responsible for quenching this LTD process [33]. In FXS, the loss of FMRP in hippocampal neurons fails to quench LTD and hence results in a marked decrease of the LTP
excitability, as shown in Fig. 7.5c. Yet, this prolonged LTD remains after cotreatment of an mGluR agonist, 3,5-dihydroxyphenyglycine (DHPG), and an
N-methyl-D-aspartate
receptor
(NMDAR)
antagonist,
D-2-amino-5phosphonovalerate (D-APV), suggesting that it is not mediated by NMDAR [4, 5].
Further treatment of DHPG with anisomycin, a protein synthesis inhibitor, completely prevents the mGluR1-LTD augmentation in normal rather than FXS neurons
[5], indicating that FMRP may regulate mGluR1-LTD through both protein
synthesis-dependent and protein synthesis-independent mechanisms. Since FMRP
functions to suppress the translation of certain proteins involved in neural development and synaptic plasticity [8, 9], its deﬁciency in FXS may lead to excessive
accumulation of these FMRP-suppressed proteins which in turn augment the protein synthesis-dependent mGluR1-LTD. On the other hand, emerging studies also
showed that FMRP is associated with certain neuron-speciﬁc miRNAs, which may
contribute to the protein synthesis-independent LTD inhibition.

Roles of FMRP-Associated miRNAs in Neural Development
Recent studies have found several miRNA species associated with FMRP in maintenance of normal neuronal development and synaptic plasticity. Using microarray
analyses of miRNAs co-precipitated with FMRP isolated from wild-type and
FMR1-knockout mouse brains, 12 candidate miRNAs were identiﬁed to speciﬁcally
interact with wild-type FMRP, including let-7c, miR-9, 100, 124, 125a, 125b, 127,
128, 132, 138, 143, and 219 [17]. Among them, only miR-125a, 125b, and 132 have
known functions in relation to FXS [16, 17], while others remain under
investigation.
Current studies showed that FMRP does not directly contact with miR-125a; yet,
FMRP phosphorylation promotes the assembly of AGO2 and miR-125a into an
RNA-induced silencing complex (RISC), which in turn suppresses post-synaptic
density protein 95 (PSD-95) mRNA translation [16]. PSD-95 is a protein member
of the membrane-associated guanylate kinase (MAGUK) family, which is almost
exclusively located in the post-synaptic density of neurons and is involved in
anchoring synaptic proteins [34, 35]. It directly or indirectly binds with neuroligin,
NMDAR, AMPA receptors, and potassium channels to form a multimeric scaffold
for their clustering and hence plays an important role in synaptic plasticity and the
stabilization of synaptic changes during LTP [35, 36].
Activation of mGluR1 stimulates the translation of PSD-95 mRNA and leads to
AMPAR internalization [37], a process important for LTD expression. Interestingly,
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studies also found that mGluR1 signaling further triggers the dephosphorylation of
FMRP to dissociate the AGO2–miR-125a RISC complex and thus prevents the
inhibitory effect of FMRP on PSD-95 translation [16]. Based on this ﬁnding, it is
conceivable that the loss of FMRP in FXS may cause PSD-95 over-expression and
ultimately results in mGluR1-LTD augmentation.
FMRP was also recently reported to affect NMDAR signaling via a negatively
regulatory mechanism involving miR-125b and miR-132 [17], albeit no alteration
of NMDAR-mediated LTD found in human FXS. Studies showed that both miR125b and miR-132 have inhibitory effects on dendritic spine morphology and synaptic physiology in mouse hippocampal neurons, while FMRP knockdown can
alleviate these effects [17].
Further target screening analyses revealed that miR-125b and AGO1 form certain RISC assembly to speciﬁcally suppress NMDAR subunit NR2A mRNA translation [17]. This silencing effect of miR-125b on NR2A may be one of many reasons
causing dendritic spine changes; nevertheless, how does it relate to the known FXS
pathologies such as diminished LTP and prolonged mGluR1-LTD remains unclear.
Since there is no prior report of such an NMDAR-LTD alteration in the established
mouse or zebraﬁsh FXS model, research in this new direction may need to depend
on the development of a novel animal model, in which NMDAR-LTD is affected by
the loss of FMRP. Alternatively, it is possible that this NMDAR-LTD alteration may
be covered or compensated by some unknown mechanisms in the current FXS animal models. To solve these questions, further investigation is needed.
Research of miRNA involvement in FXS is still at its very early stage. Although
there are many miRNAs associated with FMRP, the majority of them currently do
not have a clear function in relation to FXS. Yet, in view of this vast number of
FMRP-associated miRNAs, it is conceivable that studies in this direction may discover fruitful knowledge to understand the detail processes of FXS pathogenesis
and, in the long run, may lead to the development of novel medical interventions for
treating FXS-related disorders, such as mental retardation and autism. The future
application is very promising.

Conclusion
In sum, FXS is a genetic disease caused by dysregulation of multiple miRNA functions, including r(CGG)-derived miR-fmr1s and neuron-speciﬁc miR-125a, 125b,
132, and maybe many more waiting to be discovered. Based on the current understanding, the onset of FXS occurs after the embryonic blastocyst stage when ectodermic differentiation starts to form primordial neurons. At this critical moment for
neural development, the expression of FMR1 and its protein FMRP functions to
regulate the translation of certain neural proteins, so as to enhance the establishment
of normal synaptic connection and plasticity. However, due to the mutated overexpansion of r(CGG) in FXS patients’ FMR1 5′-UTR, the expression of such
mutated FMR1 also generates an excessive amount of r(CGG)-rich fragments,

7

microRNAs and Fragile X Syndrome

119

which are further processed into various miRNA isoforms, namely miR-fmr1s, by
RNaseIII Dicers and are gradually accumulated in the cytoplasm and nuclei of neuronal cells. Since many of these miR-fmr1s carry NIS motifs for entering the cell
nuclei, their nuclear over-accumulation results in the formation of RITS complexes
with Rad54l and MeCP2, which then cause DNA hypermethylation of the r(CGG)
expansion and its adjacent promoter regions of the FMR1 gene, leading to completely shutdown of FMR1 and FMRP expression. Without FMRP regulation,
mGluR1 signaling will trigger the synthesis of excessive neural proteins that cause
AMPAR internalization, pre-mature synaptic plasticity, LTP diminishment, and
prolonged LTD expression, a cascade of events strongly implicated in FXS. In addition, since FMRP interacts with miR-125a and miR-125b/132 to regulate the signaling pathways of mGluR1 and NMDAR, respectively, its deﬁciency may abolish
these miRNA-mediated regulations and further aggravate the FXS pathologies. To
clarify the involvement of these miRNAs in FXS, their functional roles are depicted
in Fig. 7.1.
The development of possible therapy for FXS is still under investigation. There
are three major difﬁculties in its therapeutic design: First, how to demethylate the
highly methylated r(CGG) expansion and promoter regions in FXS patients’ FMR1
gene? Second, how to deliver the drug through the blood–brain barrier (BBB)? Last,
how to limit the drug effect only in GABAergic neurons? Currently, there are a few
chemical drugs capable of causing DNA demethylation; yet, none of them are safe
for treating neurons. Alternatively, recent ﬁndings of reprogramming-related miRNAs, such as miR-302, may offer a new approach to solve these problems.
Previous studies have shown that miR-302 enhances somatic cell DNA demethylation and hence reprograms the somatic cells into an ESC-like state [14, 15].
Using retroviral deliver of an inducible miR-302 transgene into zebraﬁsh FXS neurons, we have found that there is a narrow window of miR-302 concentrations capable of silencing MeCP2 expression to demethylate the fmr1 promoter region but not
strong enough to suppress fmr1 mRNA translation. Due to the similarity between
human FMR1 and zebraﬁsh fmr1 genes, this miR-302-mediated partial reprogramming approach may be useful for developing a novel therapy treating
FXS. Nevertheless, how to maintain the miR-302 expression within such a narrow
dosage window in a speciﬁc group of brain neurons will be challenging.
The ﬁndings in zebraﬁsh and mouse FXS models have signiﬁed a vast similarity
between these animal models and human FXS, which may shed light on new therapeutic interventions. Furthermore, these animal models may provide signiﬁcant
insights into the mechanisms of microsatellite-like nucleotide repeats in brain
development for understanding their functional effects on human intelligence quotient (IQ) and autism.
Given that there are many different microsatellite-like nucleotide repeats in the
human genome, which may encode a variety of repeat-associated miRNAs
(ramRNAs), the availability of these animal models is surely useful for studying the
functional roles of these various ramRNAs in vivo as a forthcoming challenge.
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Chapter 8

The Emerging Role of MitomiRs
in the Pathophysiology of Human Disease
Filipe V. Duarte, Carlos M. Palmeira, and Anabela P. Rolo

Abstract microRNAs (miRNAs) are small, single-stranded noncoding RNA
molecules involved in posttranscriptional control of gene expression of a wide number of genes. miRNAs align and bind especially to 3′UTR sequences of their target
genes and initiate either mRNA degradation or translational repression, resulting in
reduced protein levels. miRNAs are now recognized as major players in virtually
every biological process. In recent years, the discovery of miRNAs has revolutionized the traditional view of gene expression and our understanding of miRNA biogenesis and function has thereby expanded. The discovery of mitochondrial-located
miRNAs raises the issue of the molecular mechanism underlying their translocation
from the nucleus to the mitochondria. Studies in different species indicate that it
may exist a number of import pathways of nucleus-encoded RNAs to mitochondria,
being the most of them largely ATP-dependent. Not only pre-miRNAs, but also
mature miRNAs, are present in the mitochondria; these ﬁndings have also raised the
possibility of mitochondrial miRNA synthesis. Some pre-miRNAs sequences seem
to be processed in the mitochondria, giving origin to mature miRNAs, which could
be immediately active on the mitochondrial transcripts or exported to the cytosol in
order to interfere with genomic-derived mRNA. Thus, the mitochondrial-processed
miRNAs are likely to contribute to some posttranscriptional regulation of gene
expression related to the mitochondrial functions. Coming from their location, the
mitochondria, some miRNAs are currently named as mitomiRs; it refers to those
miRNAs that can localize in mitochondria, whether transcribed from the nuclear or,
potentially, the mitochondrial genome. When their genomics was analyzed, a number of mitomiRs mapped the nuclear genome at loci relevant to mitochondrial functions or diseases. Current computational analyses, using different algorithms, drive
scientists to argue that the mitochondrial genome can harbor sequences that could
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be a target for several mitomiRs. However, perhaps a more challenging topic concerning mitomiRs is whether the mitochondrial DNA can harbor miRNA sequences,
indicating an involvement of mitochondria in small RNA-generating pathways.
The identiﬁcation of populations of miRNAs in the mitochondria pushed scientists in the ﬁeld to question its biological functions. It is established that miRNAs,
originated in the nuclear genome, are exported to cytosol where they are processed
and exert their function by inhibiting nuclear genome-derived mRNA. Actually it is
also known that some miRNAs are imported into mitochondria where they interact
with some mitochondrial genome-derived mRNA molecules. More strikingly, it has
also come to light that mitochondrial genome (mtDNA) can originate some miRNA
molecules that exert their function directly on mitochondrial transcripts. The links
between miRNA deregulation and human disease have been reported in almost all
medicine ﬁelds. Currently, great efforts are being invested in understanding the
involvement of miRNA deregulation in disease and unlocking the mechanisms by
which they act. This new ﬁeld of investigation has revealed the tremendous potential of miRNAs as diagnostic or even as valuable therapeutic tools.
miRNAs have recently emerged as key regulators of metabolism. Metabolic syndrome is a systemic disorder that includes a spectrum of abnormalities associated
with obesity and type II diabetes. Defects in mitochondrial function, namely related
to oxidation of fatty acids, have been linked to diet-induced obesity and the development of insulin resistance in adipose tissue and skeletal muscle. Consistently, obese
individuals have mitochondria with compromised bioenergetic capacity. Therefore,
increasing interest is being given to the role of miRNAs on metabolic regulation,
with relevance on mitochondria and the mechanisms purported for miRNA actions,
particularly acting in mitochondria or in mitochondria-related pathways. The
involvement of miRNAs in mitochondrial metabolism, mitochondrial oxidative
phosphorylation (OXPHOS), electron transport chain (ETC) components, lipid
metabolism, and metabolic disorders is becoming more and more comprehended, as
well as miRNAs contribution for processes such as mitochondrial dynamics or
apoptosis regulation and cancer.
Keywords Alzheimer’s disease • Amyotrophic lateral sclerosis (ALS) • Cancer
Glycolysis • Huntingtin (HTT) • Huntington’s disease • Metabolic disorders
microRNA (miRNA) • Mitochondria • Mitochondrial DNA (mtDNA)
Mitochondrial dynamics • Mitochondrial transcripts • Mitofusin • mitomiRs
Neurodegeneration • OXPHOS • Parkinson’s disease

•
•
•
•

Introduction
MicroRNAs (miRNAs) are short, single-stranded, noncoding RNA molecules (19–
23 nucleotides) that act by posttranscriptional modulation of protein-coding genes,
through repressing messenger RNA (mRNA) translation or promoting their degradation (see Chap. 2 of the volume “microRNA: Basic Science” for a detailed discussion of miRNA machinery). Each miRNA can affect multiple target genes [1].
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miRNAs are now recognized as major players in almost every biological process
such as cell proliferation, apoptosis, differentiation, and organogenesis [1, 2]. In
recent years, the discovery of miRNAs has revolutionized the traditional view of
gene expression and our understanding of miRNA biogenesis and function has
expanded. The links between miRNA deregulation and human disease have been
reported in almost all medicine ﬁelds. Currently, great efforts are being invested in
understanding the involvement of miRNA deregulation in disease and unlocking the
mechanisms by which they act. This new ﬁeld of investigation has revealed the
tremendous potential of miRNAs as diagnostic or therapeutic tools.
Many studies have already deeply focused on the characterization of mitochondrial DNA genetics, also trying to understand its modulation by miRNAs [3].
Mitochondria of all eukaryotes are the sole organelles (except for chloroplasts in
plants) that have a distinct genome made of a double-stranded, circular DNA molecule (mtDNA). mtDNA mutations have been found to be implicated in a wide
variety of both physiological (e.g., heat production, reactive oxygen species (ROS)
generation, apoptosis, cellular differentiation, and aging) and pathological phenotypes, including neurodegenerative diseases, diabetes, metabolic syndrome, and
several cancers [4, 5]. Furthermore, there is an extensive network of bidirectional
signals between nuclear and mitochondrial genomes. This regulatory crosstalk is
crucial for the activity of the entire cellular machinery, basically by modulating
mitochondrial biogenesis and metabolism through reciprocal mitochondrial-tonucleus communication [6, 7].
Relatedly, recent and increasing amount of data from whole genome and transcriptome sequencing suggest that both nuclear- and mitochondrial-encoded small
noncoding RNAs (sncRNAs), including short interfering RNAs (siRNAs), microRNAs (miRNAs) as well as long noncoding RNAs (lncRNAs), are responsible for the
regulation of important signaling pathways involving mitochondria. They have been
suggested to modulate the expression of mitochondrial proteins encoded by nuclear
or mitochondrial genes, and also the regulation of mitochondrial structure, function,
and dynamics [8, 9].

Mitochondria
For several years mitochondria have been subject of extensive studies intended to
unravel the role of these organelles in cellular physiology. In this regard, the complexity of cell physiological coordination has been recapitulated in a complex and
network of signals that intersects and integrates with the intensive mitochondrial
activity. Indeed, besides the production of most of cellular energy, mitochondria are
able to modulate many intracellular signaling pathways, which are crucial for the
maintenance of cellular homeostasis. They are sites of multiple metabolic pathways, including β-oxidation of fatty acids, tricarboxylic acid and urea cycles, control intracellular Ca2+ metabolism and signaling, ion homeostasis, steroid hormone
biosynthesis, regulate thermogenesis and settle the cell fate by integrating numerous
death signals [10].

126

F.V. Duarte et al.

Mitochondria are cellular organelles delimited by two membranes that embrace
about one-tenth of the cell’s proteins. The mitochondrion consists of four main
structures or compartments: two membranes, the intermembrane space, and the
matrix within the inner membrane. The mitochondrial outer membrane (MOM)
separates the cytosol from the intermembrane space. The MOM is responsible for
interfacing with the cytosol and its interactions with cytoskeletal elements, which
are important for the movement of mitochondria within a cell. This mobility is
essential for the distribution of mitochondria during cell division and
differentiation.
The mitochondrial inner membrane (MIM) separates the intermembrane space
from the matrix. The folding of the MIM (cristae) serves to increase the surface area
of this membrane. The MIM hosts the most important redox reactions converting
the energy of nutrients into ATP. These reactions are catalyzed by the mitochondrial
electron transport chain (ETC), which transports electrons from several substrates to
oxygen, in the complex multistep process termed mitochondrial respiration.
According to the chemiosmotic theory, mitochondrial respiration generates a transmembrane potential (ΔΨm) across the inner membrane, which is used by ATP synthase to phosphorylate ADP. The MIM is normally impermeable to protons and
other ions, and this solute barrier function of the MIM is critical for energy transduction. Permeabilization of the MIM dissipates ΔΨm and thereby uncouples the process of respiration from ATP synthase, halting mitochondrial ATP production [11].
In addition to the process of ATP formation, mitochondria are highly dynamic
organelles that have been implicated in the regulation of a great and increasing
number of physiological processes. Mitochondrial function is a key to cell life and
death, and the deregulation of mitochondrial metabolism is critical to the pathogenesis of several diseases. Cells need energy not only to support their vital functions
but also to die gracefully, through programmed cell death, or apoptosis [11].
Furthermore, mitochondrial regulation is also present beyond cell death mechanisms. Indeed, besides oxidative ATP production, mitochondria assume other functions such as heme synthesis, β-oxidation of free fatty acids, metabolism of certain
amino acids, production of free radical species, formation and export of Fe/S clusters, iron metabolism, and play a crucial role in calcium homeostasis [12]. Still, the
regulatory roles of mitochondria over normal physiology include the transduction
pathway that underlies the secretion of insulin in response to glucose by β-cells.
The physiological “uncoupling” of mitochondria also plays a central role as a heatgenerating mechanism in non-shivering thermogenesis in young mammals. It has also
been suggested that the production of free radical species by mitochondria may play
a key role as a signaling mechanism, for example, in the regulation of ion-channel
activities and also in initiating cytoprotective mechanisms in stressed cells [13].
Mitochondrial OXPHOS produces more than 95 % of a cell’s energy in the
form of ATP under normal physiological conditions. This process involves ﬁve
different protein complexes, Complex I–V. The respiratory chain or electron transport chain (ETC; Complexes I–IV) in the MIM is associated with electron transfer
components—coenzyme Q and cytochrome c. In the matrix, pyruvate oxidation,
β-oxidation of fatty acids, and the TCA cycle pathways are associated.
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The total number of polypeptides involved directly in OXPHOS is 91 when
cytochrome c is included. Of these proteins, some are nuclear-encoded, and some
are mitochondrial-encoded in the mtDNA [13]. Because of its limited coding capacity mtDNA relies on nuclear genes for structural components and biological functions. Besides, nuclear-encoded genes also regulate mitochondrial transcription,
translation, and mtDNA replication, thus the precise cooperation of nuclear and
mtDNA expression is essential to regulate OXPHOS capacity in response to different physiological demands and disease states [14, 15].
Dysregulated mtDNA expression has been associated with human mitochondrial
diseases and is also observed in normal aging process [16, 17]. The overall process
of oxidative phosphorylation (OXPHOS) is tightly controlled by transcriptional
regulation at the level of DNA, translational effects via RNA levels and stability, by
substrate feedback inhibition, and by posttranslational modiﬁcations, including
phosphorylation and acetylation. Inefﬁcient electron transfer through complexes I–
IV causes human disease in part because of loss of energy metabolism but also
because insults to the various enzymes (particularly Complexes I, II, and III) induce
production of toxic ROS. Defects of complex V are also a cause of mitochondrial
dysfunction [18]. It has also been reported that the deterioration of mitochondrial
function underlies common metabolic-related diseases [19, 20], and several studies
have identiﬁed compromised oxidative metabolism, altered mitochondrial structure
and dynamics, and impaired biogenesis and gene expression in insulin resistance or
type 2 diabetes (T2DM) models [21, 22].
Mitochondria also play a pivotal role in the process of cell death. It has been
generally accepted that cells die by necrosis when ATP is not sufﬁcient, or they die
by the process of apoptosis when sufﬁcient ATP is available. Apoptosis (programed
cells death) is a process coordinated by a family of proteases—the caspases, which
participate in the molecular control of apoptosis as triggers of cell death and as
regulatory elements within this process. Excessive accumulation of Ca2+ leads to the
formation of ROS and to opening of the mitochondrial permeability transition pore
(mPTP), which depolarizes the mitochondria and leads to mitochondrial swelling.
This may also provide a mechanism for the release of cytochrome c from the
intermembrane space into the cytoplasm. Cytochrome c normally functions as a
part of the respiratory chain, but when released into the cytosol it becomes a critical component of the apoptosis execution machinery, where it activates caspases
and causes apoptotic cell death. Apoptosis may be triggered by extracellular
signals (extrinsic pathway) or by intracellular processes (intrinsic pathway) [23].
An increased mitochondrial formation of ROS triggers the intrinsic pathway by
opening permeability transmission pores with increased permeability of the outer
mitochondrial membrane.
Mitochondrial shape is very heterogeneous, ranging from small spheres to interconnected tubules. During cell life, mitochondria undergo continuous cycles of
fusion and ﬁssion. Therefore, mitochondria are now recognized as highly dynamic
organelles that move throughout a cell and constantly fuse and divide [24]. Studies
over the last several years indicate that these membrane-remodeling processes promote homogenization of the mitochondrial population by content mixing and
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thereby preserve mitochondrial function. It was reported, in pancreatic β-cells, that
fusion and ﬁssion events are paired. Fusion triggers ﬁssion, but ﬁssion has no effect
on the following fusion event [25]. Research on mitochondrial fusion and ﬁssion
(collectively termed mitochondrial dynamics) gained much attention in recent
years, as it is important for our understanding of many biological processes, including the maintenance of mitochondrial functions, apoptosis, and aging [26].

miRNAs in Mitochondria
It has been described that a subset of miRNAs, highly conserved noncoding RNAs
with regulatory function, play a critical role in regulating both mitochondrial function and also the DNA methylation machinery [8, 27]. Among them, several examples of particular interest concern to miRNAs that affect mitochondrial function and
mitochondrial metabolism in cancer cells, resulting in tumor suppression by inducing metabolic reprogramming [9].
Recent indications highlight the existence of a regulatory link between the
expression of some miRNAs, mitochondria, and several disease phenotypes. Indeed,
data from whole genome and transcriptome sequencing suggested that a large number of sncRNAs including siRNAs, miRNAs, and lncRNAs are responsible of the
regulation of important signaling pathways in mitochondria [28]. As an example, 15
nuclear-encoded miRNAs, identiﬁed in mitochondria isolated from adult rat livers,
appeared to be involved in the expression of genes associated with apoptosis, cell
proliferation, and differentiation [29]. Despite several nuclear-encoded regulatory
RNAs targeting to mitochondria, there have also been identiﬁed some stable and
abundant mitochondrial lncRNAs transcribed from the regions of the mitochondrial
genome complementary to ND5, ND6, and Cyt b genes [30]. Moreover, deep RNA
sequencing studies carried out in human cardiac tissues revealed a high relative
abundance of lncRNAs encoded by mitochondrial genome [31].
Regarding mitochondrial small noncoding RNAs (ncRNAs), there have also
been found some ncRNAs mapping within the mitochondrial D-loop region others
transcribed in antisense orientation ND4 and ND6 mRNAs [32]. Additionally, there
are several other recent reports showing that both human and mouse mtDNA encode
for thousands of small RNAs, which are mainly derived from the sense transcripts
of the mitochondrial genes [33].
In the last years, it was reported that pre-miRNAs as well as mature miRNAs are
present in the mitochondria, and these ﬁndings have also raised the possibility of
mitochondrial miRNA synthesis [34, 35]. It was suggested that some pre-miRNAs
sequences seem to be processed in the mitochondria and may be to synthesize
mature miRNAs, which could be immediately active on the mitochondrial transcripts or exported in the cytosol in order to interfere with genomic mRNA. Thus,
the mitochondrial-processed miRNAs are likely to contribute to some posttranscriptional regulation of gene expression related to the mitochondrial functions [36].
Some miRNA molecules were already predicted from the mitochondrial genome by
bioinformatics analysis. More interestingly, a recent report has already experimen-
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tally shown the accumulation of six miRNAs in human mitochondria [37]. The
presence of these miRNAs was conﬁrmed in mitochondria from human skeletal
muscle; further tan that, luciferase assay was used to conﬁrm that MT-RNR2 gene
was the potential target of hsa-miR-mit3 and hsa-miR-mit4.
The discovery of mitochondrial-located miRNAs (mitomiRs) raises the issue of
the molecular mechanism underlying their translocation from the nucleus to the
mitochondria. Studies in different species indicate that it may exist a number of
import pathways of nucleus-encoded RNAs to mitochondria, being the most of
them largely ATP-dependent. Nonetheless, the molecular mechanisms of mitochondrial RNA import seem to vary largely in a species-speciﬁc way [34].
Coming from their location, the mitochondria, some miRNAs are currently
named as mitomiRs; it refers to those miRNAs that can localize in mitochondria
whether transcribed from the nuclear or, potentially, the mitochondrial genome.
When their genomics was analyzed, a number of mitomiRs mapped the nuclear
genome at loci relevant to mitochondrial functions or diseases [34]. Moreover, the
set of mitomiRs may vary depending on the cell type. Indeed, a targeted approach
was already used by customizing tissue-speciﬁc miRNA microarrays, which led to
the identiﬁcation of three rat cardiac-speciﬁc mitomiRs, namely miR-181c, miR1192, and miR-883 [38].
The identiﬁcation of populations of miRNAs in the mitochondria pushed scientists in the ﬁeld to question its biological functions. It is established that miRNAs,
originated in the nuclear genome, are exported to cytosol where they are processed
and exert their function by inhibiting nuclear genome-derived mRNA. Actually it is
also known that some miRNAs are imported into mitochondria where they interact
with some mitochondrial genome-derived mRNA molecules. More strikingly, it has
also come to light that mitochondrial genome (mtDNA) can originate some miRNA
molecules that exert their function directly on mitochondrial transcripts [8, 34, 39].
Actually, apart from the presence in the cytosol of miRNA regulating mRNAs
that encode proteins involved in mitochondria-related activities, a small number of
miRNAs were reported to be present within the mitochondrial matrix itself [29, 40],
with revealed apoptosis/cell-death and cell-cycle/cell-division as among the most
signiﬁcant processes targeted, but only one possible interaction with mtDNAderived mRNA (between miR-130a and cytochrome c oxidase III). Moreover,
unique sets of mitochondrial miRNAs, or mitomiRs, were already described to be
present in human skeletal muscle and HeLa cells [41, 42].
The mitomiRs were found to have thermodynamic features and size distinct from
canonical miRNAs and to be expressed almost entirely from nuclear genes in loci
relevant to mitochondrial function. MitomiRs appeared to lack preferential targeting of nuclear-encoded mitochondrial genes, when compared with a set of cytosolic
miRNAs, but most were predicted by RNA22, RegRNA, miRWalk, or TargetScan
algorithms to target multiple mtDNA sites (including many within all the mtDNAencoded protein genes). Interestingly, human mtDNA also seems to harbor mitomiR
sequences (namely, miR-1974, miR-1977, and miR-1978), but it remains to be
ascertained whether miRNAs are actually transcribed from these mitochondrial
genes [41]. The general overview of miRNA origin and subcellular site of action is
depicted in Fig. 8.1.
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Fig. 8.1 Depiction of miRNA origin and site of action in the cell. Most of the known miRNAs are
originated in the nucleus, from the nuclear genome, and then exported to cytosol where they are
processed by DICER and exert their function when assembled in RISC complex, by inhibiting
nuclear genome-derived mRNA. Currently it is also known that some miRNAs are further imported
into mitochondria where they interact with some mitochondrial genome-derived mRNA molecules. More strikingly, it has also come to light that mitochondrial genome (mtDNA) can originate
some miRNA molecules that exert their function directly on mitochondrial transcripts, although
this pathway is still poorly understood

In mammalian cells, miRNAs are involved not only in disease phenotypes
progress, but also in physiological mechanisms, such as switch of energy source
during muscle differentiation or cellular differentiation and reprogramming.
Interestingly, miRNA machinery also plays a role in the initiation of mitochondrial
translation. A recent study has pointed out a role of miR-1 in enhancing protein
synthesis and ATP production in the mitochondria of differentiated muscle cells,
suggesting miR-1 as a coordinator of the regulatory networks in both the cytoplasm and the mitochondria during muscle differentiation [43]. microRNAs were
already known to mediate translational repression and mRNA degradation in the
cytoplasm. However, and despite the fact that several miRNAs have also been
detected in membrane-compartmentalized organelles such as mitochondria, its
functional meaning is not very clearly elucidated. In the muscle, it is already
described that miR-1, a microRNA speciﬁcally induced during myogenesis, efﬁciently enters the mitochondria where it unexpectedly stimulates, rather than
represses, the translation of speciﬁc mitochondrial genome-encoded transcripts.
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These ﬁndings reveal a positive regulatory function of miRNAs in mitochondria,
and suggest a new layer of crosstalk between nuclear and mitochondrial genomes in
eukaryotic cells.

miRNAs in Mitochondrial Dynamics
Mitochondria are highly dynamic organelles that possess two opposing activities.
They divide and fuse constantly, and the balance between mitochondrial ﬁssion and
fusion affects the morphology of mitochondria, which dynamics and turnover are
crucial for cellular homeostasis and differentiation [44]. Mitochondria form
dynamic networks that are necessary for the maintenance of the organelle ﬁdelity
[45]. Various proteins participate in the regulation of mitochondrial dynamics, and
a deregulation of mitochondrial dynamics is not only related to deregulation of
mitochondrial function, but also closely correlated with apoptosis and several
diseases.
miRNAs have emerged as an important class of posttranscriptional regulators of
gene expression in virtually all fundamental cellular pathways, including
mitochondria-associated signaling pathways. It is more than clear that their abnormal expression may results in pathophysiological processes in the cell and, consequently, in the onset of many diseases. It has been found that some miRNAs affect
mitochondrial dynamics, thus impinging on the dynamic mitochondrial balance.
miR-499 and miR-30 regulate the mitochondrial ﬁssion machinery by directly targeting DRP1 [46, 47], miR-19b negatively regulates mitochondrial fusion by downregulating mitofusin 1 (Mfn1) gene [48], and miR-106b is responsible for
mitochondrial dysfunction by targeting mitofusin 2 (Mfn2) [49].
A recent study has revealed that miR-27 acts as a novel factor regulating mitochondrial dynamics by suppressing the mitochondrial ﬁssion factor (MFF) expression [50]. miR-27 suppresses the association of MFF mRNA with polysomes via its
3′-untranslated region (UTR). Moreover, it was shown that ectopic expression of
the miR-27 precursor resulted in mitochondrial fusion, thereby increasing the
mitochondrial membrane potential as well as the mitochondrial ATP level. Thus, it
is now recognized that miR-27 is involved in negatively regulating mitochondrial
ﬁssion by directly targeting MFF. Several other reports have shown that mitochondrial fusion can inhibit cell death, whereas mitochondrial ﬁssion is involved in the
promotion of apoptosis. Given this, it is conjectured that the increased expression of
miRNAs targeting genes needed for mitochondrial ﬁssion, such as miR-27, may
enhance mitochondrial fusion, thereby promoting tumor progression [50].
Another example involves miR-761, which is responsible for the downregulation
of the mitochondrial ﬁssion factor; it can suppress mitochondrial ﬁssion and apoptosis by targeting MFF, demonstrating that miR-761 and MFF constitute an axis in
the machinery of the mitochondrial network and apoptosis [51]. Additionally, miR30 family members have been reported to regulate apoptosis by targeting the mitochondrial ﬁssion machinery, inhibiting mitochondrial ﬁssion by suppressing the
expression of p53 and its downstream target Drp-1 [47].
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More recently, miR-140 has been demonstrated to be upregulated upon apoptotic
stimulation, causing a downregulation of Mfn1 in cardiomyocytes [52]. miR-140
has been hence reported to play a functional role in mitochondrial ﬁssion and apoptosis, and knockdown of miR-140 was able to reduce myocardial infarct sizes in an
animal model, exerting its effect on mitochondrial ﬁssion and apoptosis through
targeting Mfn1.
Mitochondrial ﬁssion and its modulation by miRNA has also been shown in
some metabolic conditions; miR-484 downregulation may contribute to the pathogenesis of insulin resistance by targeting mitochondrial ﬁssion protein 1 (Fis1),
which is needed for mitochondrial ﬁssion [53], as mitochondrial ﬁssion is increased
in diabetes and contributes to circulating insulin levels [54].
The removal of damaged mitochondria by autophagy, a process referred to as
mitophagy, is critical for maintaining proper cellular functions. Mitophagy regulates the number of mitochondria to match the metabolic or developmental demands
[55, 56], and is also a part of the quality control based on the removal of impaired
mitochondria [44, 45]. Recent studies have suggested a role for miRNAs in autophagy, including miR-101 [57–59], miR-204 [59, 60], and miR-30a [61–63]. miRNAs
target transcripts of autophagy-related proteins, thereby suppressing their function
in autophagy with pathological consequences [63–65]. For example, downregulation of miR-34b/c is an early event in Parkinson’s disease [66–68]. In some tumors,
the level of miR-21 is increased, and it suppresses the expression of PTEN, which
regulates the mitophagy-associated PINK1 [69, 70]. Mitophagy has been characterized as a HIF-dependent mechanism [55, 71]. Furthermore, hypoxic repression of
the mitochondrial function by miR-210 and ISCU1/2 may trigger mitophagy.
In the last years, miR-494, whose location is predominantly mitochondrial, has
been found to modulate mitochondrial biogenesis by downregulating the mitochondrial transcriptional factor A (TFAM) and the nuclear transcription factor Forkhead
box J3 (FOXJ3) during myocyte differentiation and skeletal muscle adaptation to
physical exercise [70, 72].

Mitochondrial miRNAs in Cancer
The traditional hallmarks of cancer, as deﬁned and subsequently reviewed by
Hanahan and Weinberg [36, 57, 59], comprise six biological capabilities acquired
during the multistep development of human tumors. These six traditional cancer
hallmarks include resisting cell death, inducing angiogenesis, sustaining proliferative signaling, evading growth suppressors, activating invasion and metastasis, and
enabling replicative immortality. Importantly, the same authors have recently added
two novel hallmarks to the traditional ones, i.e., the reprogramming of the energy
metabolism of the cell and evading immune destruction which provides a certain
basis for a change of our perception of typical tumor characteristics [10, 59].
Under aerobic conditions, the normal cells generate ATP primarily in mitochondrial OXPHOS process, which utilizes products of glycolysis and Krebs cycle.
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Under anaerobic conditions, relative little pyruvate, the end product of glycolysis, is
directed to the Krebs cycle and it is converted to lactate instead. Nevertheless, this
metabolic conversion of glucose appears to be energetically disadvantageous.
Interestingly, it was observed that many cancer cells prefer glycolysis instead of
OXPHOS even in the presence of sufﬁcient amount of oxygen. This anomalous
energy metabolism is known as the Warburg effect [36, 61, 63]. Although the exact
causes and functional consequences of this metabolic switch remain to be elucidated, there is a growing consensus that the Warburg effect is not an inconsequential
by-product of carcinogenesis, but is vital for cancer cells to maintain their proliferative potential, and is driven by various factors, including miRNAs [63, 64, 73].
The phenomenon of hypoxia has already been related to altered miRNA expression, identifying speciﬁc hypoxia-regulated miRNAs (HRMs) that play an important role in cell survival in low oxygen environment [74]. One of the miRNAs found
to be consistently upregulated in normal and transformed cells during hypoxia is
miR-210 [75], highlighting a role of miR-210 in cell adaptive response to hypoxia.
In tumor tissues such as breast cancer and head and neck cancers, miR-210 expression levels have been demonstrated to be correlated with hypoxia gene signatures,
which suggested a direct connection between miR-210 expression and hypoxia in
cancer [76, 77]. The master HRM miR-210 has been investigated intensively, displaying a variety of functionally important targets involved in cell cycle regulation,
cell survival, differentiation, angiogenesis, and metabolism [75].
Under hypoxic conditions, cell metabolism shifts from mitochondrial OXPHOS
to glycolysis. HIF-1 plays a critical role in this effect, by upregulating the expression of most glycolytic enzymes as well as pyruvate dehydrogenase kinase, while
downregulating mitochondrial respiration. The regulation of mitochondrial metabolism during hypoxia by miR-210 has already been addressed, demonstrating that
miR-210 directly targets iron-sulfur cluster assembly proteins (ISCU1/2) and
decreases the activity of iron-sulfur proteins controlling mitochondrial metabolism,
including complex I and aconitase [78]; this results in decreased OXPHOS.
Subsequent studies investigating the role of miR-210 in modulating mitochondrial function have also revealed COX10, SDHD, and NDUFA4 as direct targets
of miR-210 [75]. Another study with A549 lung cells overexpressing miR-210
exhibited an aberrant mitochondrial phenotype, and additionally mRNA expression proﬁling analysis linked miR-210 to mitochondrial dysfunction [79].
Interestingly, as miR-210 is highly stable, when hypoxic cells undergo reoxygenation, HIF-1α is degraded immediately, but miR-210 remains stable to sustain glycolytic phenotype. This inhibits mitochondrial metabolism under normoxia and
may contribute to Warburg effect in cancer cells. These evidences support a role of
miR-210 in modulating mitochondrial metabolism, and thus facilitating adaptation
of cancer cells to hypoxic condition.
As mentioned, the ﬁrst process of catabolism of glucose is glycolysis, taking
place out of mitochondria in cytoplasm. In context of miRNAs, it was found out that
miR-155 indirectly upregulates hexokinase 2 (HK2), an enzyme involved in glucose
phosphorylation, and, thus, may inﬂuence energy metabolism in breast cancer cells.
Interestingly, one of two possible mechanisms mediating this miR-155-dependent
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HK2 regulation includes miR-143 [66, 68, 80]. Other factor affecting glucose
metabolism is alternative splicing of pyruvate kinase (PK), which splicing proteins
are targeted by miR-124, miR-137, and miR-340. This miRNAs-dependent regulation of PK is able to impair colorectal cancer growth and counteract the Warburg
effect [69, 81]. Moreover, PK is a direct target of the tumor-suppressive miR-326,
which is thus also a potential regulator of a glucose metabolism [71, 73, 82].
In mitochondria, the regulation of energy metabolism can take place in both
Krebs cycle and OXPHOS. Relatively to Krebs cycle, or TCA cycle, there are several miRNAs reported to be regulating several steps within the cycle, such as miR183 downregulating isocitrate dehydrogenase or miR-743a downregulating malate
dehydrogenase, all pushing the metabolism to a more glycolytic status [36, 83].
OXPHOS process take place in two major steps both coupled in inner mitochondrial membrane: the oxidation of nicotinamide adenine dinucleotide, its reduced
form (NADH), or ﬂavine adenine dinucleotide, its hydroquinone form (FADH2),
and the phosphorylation of ADP to form ATP [10, 83]. Presently there are also several studies reporting the regulation of OXPHOS by miRNAs, particularly: miR210 downregulating Complex III in mitochondria; miR-181c, miR-210 and miR-338
downregulating Complex IV; and miR-141 downregulating Complex V in the mitochondrial ETC [36, 84].
In the last decade, miRNAs have emerged as critical regulators in cancer-related
processes, being considered either oncogenic or tumor suppressive miRNAs (Fig.
8.2). Studies have shown that tumor-targeting therapies using miRNAs is becoming
a novel diagnostic and therapeutic tool [85]. Particularly miR-200a has been demonstrated to suppress tumor growth in liver cancer [86], and also exhibited signiﬁcantly lower expression in breast cancer [87], thus acting as a negative regulator or
tumor suppressor for the cell growth, which is consistent with the role of miR-200a
in hepatocellular carcinoma [88]. Several targets of miR-200a have been identiﬁed
[89, 90]. Based on bioinformatics analysis, TFAM was predicted as one of miR200a targets. TFAM is the primary transcription factor in mitochondria [91], being
also implicated as a primary architectural protein of the mitochondrial genome by
packing the mtDNA and a key regulator involved in mtDNA transcription and
replication [92]. Furthermore, it was reported that TFAM expression is involved in
tumor progression, cancer cell growth, and chemoresistance [93]. Accordingly,
TFAM has been reported as a functional target of miR-200a in breast cancer cells.
miR-200a overexpression signiﬁcantly downregulated TFAM by directly targeting
the 3′UTR of TFAM mRNA [87].
However, overexpression of TFAM without 3′UTR could overcome the inhibition by miR-200a and rescue the expression of TFAM, which could reverse the
inhibition of TFAM-mediated mtDNA copy number by miR-200a [87]. Furthermore,
miR-494 has been found to modulate mitochondrial biogenesis by downregulating
the TFAM and the nuclear transcription factor Forkhead box J3 (FOXJ3) during
myocyte differentiation and skeletal muscle adaptation to physical exercise [72].
A recent report suggests that p53-induced miR-34a plays an important role in
nonsmall cell lung cancer (NSCLC) sensitization in response to capsaicin-induced
DNA damage [94]. Bcl-2 was identiﬁed as the miR-34a target in these capsaicintreated NSCLC cells. Downregulation of Bcl-2 created an anti-survival environment
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Fig. 8.2 microRNA activity in cancer: oncogenic or tumor suppressor role

in these NSCLC cells that favored Bax-mediated apoptosis via mitochondrial death
cascade involving caspase-9 and -3, but not caspase-8, thereby ruling out the
involvement of extrinsic death pathway. It is also accepted that p53-target miR-34a
inhibits SIRT1 thereby deacetylating and stabilizing p53 in a positive feedback loop
[95]. It is thus tempting to speculate that miR-34 may be an important player in
modulating mitochondrial death pathway in cancer cells. Additionally, in some
tumors the level of miR-21 is increased, and it suppresses the expression of PTEN,
which regulates the mitophagy-associated PINK1 [70].
Concerning the role of miRNAs in cancer, one of the most studied pathways
involves the miR-17/92 cluster, also known as oncomiR-1. There is increasing evidence on the oncogenic potential of this cluster of miRNAs [73, 96]. Being initially
found ampliﬁed in diffuse cell lymphomas [80, 84], it was later shown, in B-cell
lymphoma, that an ectopically overexpressed truncated version lacking miR-92 had
oncogenic properties [81, 97]. Currently it has been described that this miRNA
cluster can act as oncogene by suppressing apoptosis, and that oncomiR-1 is deregulated in B-cell lymphoma, B-cell chronic lymphocytic leukemia, acute myeloid
leukemia, T-cell lymphoma, and particularly overexpressed in several types of cancer, such as osteosarcoma, neuroblastoma, neck, pancreatic, breast, lung, colorectal,
ovarian, renal, and hepatic cancer [73, 82, 98].

miRNAs in Metabolic Disorders
Metabolic diseases are mainly characterized by the dysregulation, and consequent
miscarriage of nutrient responsive genes or proteins to successfully coordinate
pathways involved in the control of adaptive biological functions. Therefore, the
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expression of genes involved in the regulation of metabolic function/signaling has
to be ﬁnely tuned in order to properly respond to changes in metabolic status and
then maintain cellular metabolic homeostasis. In addition to the classical transcriptional regulators, recent discoveries have shown the remarkable role of microRNAs
in the posttranscriptional regulation of gene expression and their participation in
many biological processes including regulation of metabolic function [99].
Being recently recognized as key regulators of metabolism, miRNAs have been
found to act in one of the main organelles involved in metabolic pathways—mitochondria. Among the several roles that mitochondria play, energy metabolism is one
of the most studied. As such, some miRNAs have already been identiﬁed as regulators in mitochondrial metabolism. miRNA-33 in particular has been shown to have
a crucial role in cholesterol metabolism and also a conceivable use in clinical
approaches [100].
Interestingly, some other miRNAs have been connected to lipid metabolism;
miR-143 and -24 have been associated to increased incidence of metabolic syndrome through polymorphisms in miRNA binding sites in APOL6 3′UTR [101]. In
addition, miR-24 and miR-126 have been associated to fatty acid metabolism [102],
whereas miR-204-5p associates with the oxidation of fatty acids [103]. Trying to
convey the notion that, since several miRNAs are predicted to target the same gene,
and given that a single miRNA might modulate several genes, some authors describe
the actions of miRNAs in metabolically relevant organs such as the pancreas, liver,
and adipose tissue, and try to integrate the contribution of speciﬁc effects within the
global landscape of lipid and carbohydrate homeostasis during metabolic syndrome
and cardiometabolic disease [99].
Metabolic syndrome is a systemic disorder that includes a spectrum of abnormalities associated with obesity and type II diabetes. Defects in mitochondrial
function, namely related to oxidation of fatty acids, have been linked to dietinduced obesity and the development of insulin resistance in adipose tissue and
skeletal muscle [21, 104]. Consistently, obese individuals have mitochondria with
compromised bioenergetic capacity [105, 106]. miRNAs that are involved in
metabolism and metabolic disorders indicate an important regulatory role in the
key organs involved in lipid and glucose metabolism [107]. Accordingly, certain
serum circulating miRNA proﬁles have been shown to be dysregulated in obese
children [108], putting forward the idea that some serum miRNAs could be used as
a potential predictive tool for obesity and type 2 diabetes [109].
High-fat diet (HFD)plays a central role in the initiation of mitochondrial dysfunction that signiﬁcantly contributes to skeletal muscle metabolic disorders in obesity. Given the emerging roles of miRNAs in the regulation of skeletal muscle
metabolism, some authors started to study miRNAs involvement in mitochondrial
function/dysfunction related to metabolic disorders. Certain studies addressed
whether activation of a speciﬁc miRNA pathway would rescue the HFD-induced
mitochondrial dysfunction via the sirtuin-1 (SIRT-1)/peroxisome proliferatoractivated receptor γ coactivator-1a (PGC-1α) pathway [110].
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Interestingly, miR-149 was shown to inhibit poly(ADP-ribose) polymerase-2
(PARP-2) and so increases cellular NAD+ levels and SIRT-1 activity that subsequently
increases mitochondrial function and biogenesis via PGC-1α activation. Furthermore,
skeletal muscles from HFD-fed obese mice exhibit low levels of miR-149 and high
levels of PARP-2, and they show reduced mitochondrial function and biogenesis due
to a decreased activation of the SIRT-1/PGC-1α pathway, suggesting that mitochondrial dysfunction in the skeletal muscle of obese mice may be because of, at least in
part, miR-149 dysregulation [110].
Several miRNAs have been implicated in metabolic homeostasis based on lossof-function studies in mice [107, 111]. miR-33, encoded by an intron of the sterol
regulatory element binding protein (SREBP) gene, has been shown to collaborate
with SREBP to regulate intracellular cholesterol levels and lipid homeostasis by
targeting the adenosine triphosphate-binding cassette transporter A1, a regulator of
cellular cholesterol efﬂux [112]. Other metabolic miRNAs, such as miR-103 and
miR-107, regulate insulin and glucose homeostasis, whereas miRNAs such as miR34a are emerging as key regulators of hepatic lipid homeostasis [107].
Some miRNAs have been linked to the regulation of glucose metabolism.
Silencing of miR-103/107 improves glucose homeostasis and insulin sensitivity in
mice [113]. Lin28a, which inhibits processing of let-7 miRNA, promotes insulin
signaling and confers resistance to HFD-induced diabetes [114]. Conversely, let-7
overexpression impairs glucose tolerance and reduces insulin secretion in mice
[115]. Additionally, it has been found that pharmacologic inhibition of miR-208a in
mice confers resistance to obesity and improves insulin sensitivity [116].
Approximately one-third of miRNAs are encoded by introns of protein-coding
genes, and frequently intronic miRNAs have been found to modulate, either positively or negatively, the same biological processes as the protein encoded by the
host gene [117, 118]. Peroxisome proliferator-activated receptor γ coactivator 1β
(PGC-1β)is a transcriptional coactivator that regulates metabolism and mitochondrial biogenesis through stimulation of nuclear hormone receptors and other transcription factors. The PGC-1β gene encodes two miRNAs, miR-378 and miR-378*,
which counterbalance the metabolic actions of PGC-1β [119]. Mice genetically
lacking miR-378 and miR-378* are resistant to HFD-induced obesity and exhibit
enhanced mitochondrial fatty acid metabolism and elevated oxidative capacity of
insulin-target tissues [119]. Among the many targets of these miRNAs, carnitine
O-acetyltransferase, a mitochondrial enzyme involved in fatty acid metabolism, and
MED13, a component of the Mediator complex that controls nuclear hormone
receptor activity, are repressed by miR-378 and miR-378*, respectively, and are
elevated in the livers of miR-378/378* KO mice.
The discovery of circulating miRNAs has highlighted their potential as both
endocrine signaling molecules and disease markers. Deregulation of miRNAs may
contribute to metabolic abnormalities, suggesting that miRNAs may potentially
serve as therapeutic targets for ameliorating cardiometabolic disorders.
Another recent particular report has shown that HFD and excess fatty acids
(FFAs) can cause enteric neuronal cell damage [120], contributing to delayed intestinal transit. The mechanism involve decreased enteric neuronal cell viability
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through mitochondrial damage and ER stress, being miR-375 strongly implicated in
mediating the detrimental effects of HFD (e.g., by downregulating the pro-survival
protein Pdk1 translation) [120]. HFD rich in saturated FFA rises oxidative stress in
many tissues, such as brain and gastric and intestinal mucosa [121]. Mitochondria,
as the major source of ROS, are susceptible to FFA accumulation and the ROSinduced lipid peroxidation [122]. A recent study has showed a signiﬁcant increase
in mitochondrial SOD after palmitate exposure, suggesting a mitochondrial oxidative stress overload [120]. It was also reported a signiﬁcant decrease in the mitochondrial quantity measured by cytochrome c oxidase IV protein level, as well as
ultrastructural changes consistent with mitochondrial dysfunction, all of these
effects being at least in part mediated by miR-375. Systemic injection of miR-375
inhibitor to HFD-fed mice prevented the development of detrimental effects of HFD
on intestinal transit and enteric neurons, providing direct evidence for the role of
miR-375 on modulating ER stress and mitochondrial function [120].
Since when miRNA emerged as a new class of epigenetic regulators of gene
expression, there has been great interest in its role modulating metabolism and promoting the development and progression of metabolic disorders, namely diabetesrelated chronic complications [123]. Abnormal levels of some miRNAs have been
observed in the development of diabetic kidney disease [124]. Additionally, the
development of diabetic nephropathy in rats has been linked to the regulation of
NOX4 levels by miR-25, where NOX4 is a catalytic subunit of NADPH oxidase
[125]. Furthermore, other studies have shown that, in db/db mice, the increased
miR-21 levels halted the proliferation of mesangial cells and reduced the 24 h urine
albumin releasing rate [126].
A fundamental function of mitochondria is to produce ATP via OXPHOS to supply energy for a variety of cellular functions. Unsurprisingly, also this vital function
in mitochondria is targeted by miRNAs. miR-15b, miR-16, miR-195, and miR-424
have emerged as regulators of the ATP levels [9]. The overexpression of these miRNAs was shown to suppress ATP levels and affect mitochondrial integrity as well,
by acting on their common target, the ADP-ribosylation factor-like 2 (ARL2)
mRNA [127]. Additionally, upregulation of other miRNAs such as miR-15b or
miR-195 has been reported to induce mitochondrial degeneration and ATP reduction in cardiomyocytes [9].
In mitochondria, the regulation of energy metabolism can take place in both
Krebs cycle and OXPHOS. Relatively to Krebs cycle, or TCA cycle, there are several miRNAs reported to be regulating several steps within the cycle, such as miR183 downregulating isocitrate dehydrogenase or miR-743a downregulating malate
dehydrogenase, all pushing the metabolism to a more glycolytic status [36].
Currently, it is also known that some miRNAs modulate mitochondrial OXPHOS,
through targeting several mitochondrial players involved in electron transfer and
ATP production. In Table 1 we present a summary of miRNAs already reported to
act in mitochondria and directly target some components involved in mitochondrial
ETC. For example, miR-338 modulates OXPHOS and the mitochondrial function,
targeting cytochrome c oxidase subunit IV (mt-COX4) mRNA in neurons [128].
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OXPHOS process takes place in two major steps both coupled in inner mitochondrial membrane: the oxidation of nicotinamide adenine dinucleotide, its
reduced form (NADH), or ﬂavine adenine dinucleotide, its hydroquinone form
(FADH2), and the phosphorylation of ADP to form ATP [10]. Presently there are
also several studies reporting the regulation of OXPHOS by miRNAs, particularly:
miR-210 downregulating Complex III in mitochondria; miR-181c, miR-210, and
miR-338 downregulating Complex IV; and miR-141 downregulating Complex V in
the mitochondrial ETC [36]. Particularly, some authors have already reported that
the rat mitomiR miR-181c is involved in electron chain complex IV remodeling in
cardiomyocytes [38].
Similarly to other reports on mitomiRs, rat cardiomyocyte mitochondria were
found to harbor a unique miRNA expression pattern, with miR-181c enriched twofold in the mitochondrial fraction with respect to whole heart because of translocation of the miRNA into the organelles, for which cytochrome c oxidase subunit I
(mt-COX1) mRNA was conﬁrmed as a target for miR-181c [38]. The authors demonstrated that miR-181c, derived from the nuclear genome, translocates to the
mitochondria, and more importantly, regulates mitochondrial gene expression and
affects mitochondrial function. Coordination of nuclear gene expression and mitochondrial gene expression is thus essential. It was proven that in cardiomyocytes
miRNA can regulate mitochondrial gene expression, speciﬁcally that miR-181c
binds to the 3′-end of the mRNA of a mitochondrial gene, mt-COX1, a subunit of
complex IV of the respiratory chain, and initially results in a decrease in mt-COX1
protein, complex IV remodeling, and increased production of ROS [38].
More recently, an in vivo method for administration of miR-181c in rats was
used, displaying reduced exercise capacity and signs of heart failure, by targeting
the 3′-end of mt-COX1 [129]. The mRNA levels of mitochondrial complex IV
genes in the heart, but not any other mitochondrial genes, were signiﬁcantly altered
with miR-181c overexpression, suggesting selective mitochondrial complex IV
remodeling due to miR-181c targeting mt-COX1. Isolated heart mitochondrial
studies showed signiﬁcantly altered O2-consumption, ROS production, matrix calcium, and mitochondrial membrane potential in miR-181c-treated animals, showing that miRNA delivered to the heart in vivo can lead to cardiac dysfunction by
regulating mitochondrial genes [129]. Moreover, other authors reported an important role for miR-181a in regulating the mitochondrial apoptotic pathway in
cardiomyocytes challenged with oxidative stress [130]. The downregulation of
miR-181a signiﬁcantly inhibited H2O2-induced cellular apoptosis, ROS production,
the increase in malondialdehyde (MDA) levels, the disruption of mitochondrial
structure, and the activation of key signaling proteins in the mitochondrial apoptotic
pathway. miR-181a/c may thus represent potential therapeutic targets for the treatment of cardiovascular diseases.
Regarding the involvement of mitochondria in energy metabolism and miRNA
modulation is the newly described relationship between miR-26 and mitochondrial
morphology in adipocytes. Adipose tissue contains thermogenic adipocytes (i.e.,
brown and brite/beige) that oxidize nutrients at exceptionally high rates via nonshivering thermogenesis. Its recent discovery in adult humans has opened up new

140

F.V. Duarte et al.

avenues to ﬁght obesity and related disorders such as diabetes. miR-26 was found to
be a key regulator of human white and brite adipocyte differentiation, being upregulated in early adipogenesis [131].
Intriguingly, miR-26a signiﬁcantly induced pathways related to energy dissipation, shifted mitochondrial morphology toward that seen in brown adipocytes, and
promoted uncoupled respiration by markedly increasing the hallmark protein of
brown fat, uncoupling protein 1 (UCP1) [131]. miR-26a transfection evoked an
increase in UCP1+ adipocytes up to 50 %. Ultrastructural analysis by transmission
electron microscopy (TEM) further revealed a shift of mitochondrial morphology
toward brown adipocyte characteristics as well as a slightly increased density of
cristae. Additionally, mitochondria of adipocytes from miR-26a-transfected cells
were bigger in size and more roundish (i.e., brown-like) in the late brite stage, indicating that miR-26a/b promote characteristics of energy-dissipating thermogenic
adipocytes during human adipocyte differentiation.
Additionally, prohibitin (PHB)has also been reported to play a crucial role in
adipocyte differentiation and mitochondrial function, a process also modulated by
miRNA action [132]. The levels of both miR-27a and miR-27b were shown to be
downregulated following adipogenic induction of human adipose-derived stem
cells, whereas the mRNA level of PHB was upregulated. Moreover, overexpression
of miR-27a or miR-27b inhibited PHB expression and adipocyte differentiation.
More speciﬁcally, it was shown that ectopic expression of miR-27a or miR-27b
impaired mitochondrial biogenesis, structure integrity, and Complex I activity
accompanied by excessive ROS production [132], lightening an anti-adipogenic
role of miR-27.

miRNAs in Neurodegeneration
The role of miRNAs has currently been extended to the neurodegenerative diseases’
ﬁeld. Altered expression of miRNAs is increasingly recognized as a feature of many
disease states, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and Huntington’s disease pathogenesis [83, 133, 134].
miRNAs are nowadays known for playing several important roles not only in
neural differentiation during central nervous system (CNS) development but also in
the progression of neurological disorders [135]. Some examples of the involvement
of miRNAs in the nervous system have been reported, namely their regulatory roles
in the expression of genes associated with spinal cord injury (SCI)-induced inﬂammation, oxidative stress, and apoptosis [136–138]. The ﬁndings have shown that
miR-21 regulates astrocytic hypertrophy in injured spinal cords [139], and also
alterations in the levels of miR-145 have been observed in neurons after sciatic
nerve transection [140], as well as in injured spinal cords [136]. In rat hippocampal
tissue, for example, it has been reported the presence of miRNA protein machinery
in mitochondrial fractions [141].
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Moreover, miRNAs were found in complexes co-immunoprecipitated from puriﬁed
mitochondria, therefore displaying a role for mitochondria in regulating miRNA activity.
More importantly, a subset of miRNAs was preferentially enriched in hippocampal
mitochondria, but was found to be decreased following severe traumatic brain injury.
Moreover, the levels of miR-155 and miR-223, both playing a role in inﬂammatory
processes, were found to be elevated in cytoplasm and mitochondria, pointing out a
role for mitochondrial regulation of miRNA expression in response to brain injury.
Another study concerning neural damage found that miR-145 is mainly expressed in
neurons and astrocytes located in the gray matter of the spinal cord. Using in vivo and
in vitro genetic modiﬁcation approaches, it has been demonstrated a novel role of miR145 in the regulation of astrocytic dynamics, as well as its importance in astrocytes as
a critical factor inducing astrogliosis after spinal cord injury [142].
Traditionally, conditions such as Parkinson’s disease, Alzheimer’s disease, and
ALS have been considered as distinct entities; nevertheless, there is increasing evidence of clinical, pathological, and genetic overlap, culminating in a ﬁnal common
ﬁnal pathway of neuronal cell death. The pathogenic mechanisms underlying neurodegeneration are complex, but the universal risk factor is aging, along with common features such as protein aggregation, neuroinﬂammation, and mitochondrial
dysfunction. miRNAs are found in high abundance within the nervous system where
they are key regulators of functions such as neurite outgrowth, dendritic spine morphology, neuronal differentiation, and synaptic plasticity [83, 143].
The onset of neurodegenerative disorders is very often associated with aging and
senescence. Also in these biological phenomena miRNAs are playing a role, and
tissue speciﬁc miRNA induction might have a protective function [144]. This might
be the case for the aged brain-speciﬁc miR-22, which was demonstrated in a neurodegenerative model to exert a neuroprotective role by targeting factors implicated in
Huntington’s disease [145]. Similarly, miR-101a might have an Alzheimer’s disease
contrasting effect by inhibiting the production of Amyloid-beta precursor protein
(APP) [146].

Alzheimer’s Disease
Alzheimer’s disease is a complex neurodegenerative disorder and the most common
form of dementia in the elderly [84, 147]. The clinical signs of disease are a slow,
progressive loss of cognitive function and memory loss, due to destruction of synapses and neurons, which ultimately leads to dementia and death. Alzheimer’s disease is progressive with different brain regions and cells affected in a sequential
process of increasing deposition of amyloid-β (Aβ) plaques and neuroﬁbrillary
tangles of hyperphosphorylated tau [96, 148].
The vast majority of Alzheimer’s disease is sporadic, with no obvious genetic
component, suggesting that other mechanisms are responsible. Recent studies have
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demonstrated that alterations in the network of miRNAs contribute to the disease
process, and several studies have used proﬁling strategies to show miRNA deregulation in Alzheimer’s disease. Several miRNAs have been identiﬁed as deregulated
including miR-107, miR-29, miR-9, miR-181, miR-34, miR-106, and miR-146 [83,
84]. Many of these have been linked to altered regulation of key genes known to be
involved with Alzheimer’s disease.
Downregulation of miR-107 at an early stage of Alzheimer’s disease has been
observed in temporal cortex and correlated with the upregulation of β-site amyloid
precursor protein-cleaving enzyme 1 (BACE1) in two studies, which could impact
upon Aβ production [97, 149]. This ﬁnding was conﬁrmed as being speciﬁc to miR107 (and not a family member such as miR-103) and demonstrated that as miR-107
declines with advancing pathology, BACE1 increases along with neuritic plaque
density [98, 150]. Interestingly, miR-107 and miR-124a, two miRNAs experimentally proven to target BACE1 also regulate other aspects of APP metabolism, thus
demonstrating the capacity for single miRNAs to inﬂuence several components of
the same pathway and the potential to produce additive effects. miR-107 directly
targets a disintegrin and metalloproteinase 10 (ADAM10), another secretase enzyme
which processes APP, and miR-124a is involved in the regulation of APP mRNA
alternative splicing via direct targeting of polypyrimidine tract binding protein 1
(PTBP1) [133, 134, 151].
The miR-29 family of miRNAs has target sites on BACE1 mRNA and loss of this
cluster is negatively correlated with BACE1 expression in a subset of sporadic
Alzheimer’s disease cases [143, 152]. In addition to regulating BACE1, miR-29a/b
are increased in the aging brain and linked to modulation of microglial activation
[147, 153]. The miR-29 cluster has been sequenced in a cohort of sporadic and
familial patients and variants were found within the cluster that signiﬁcantly associated with Alzheimer’s disease [148, 154].
More recently, miR-339-5p has also been demonstrated to downregulate protein
expression of BACE1 in human primary brain cultures and to be signiﬁcantly
reduced in brain tissue specimens of AD patients as compared with age-matched
controls [155]. Therefore, miR-339-5p has been reported as a strong regulator of
BACE1 expression in human brain cells and most likely dysregulated in at least a
subset of AD patients, making this miRNA a novel drug target [155].
miR-9 is a highly conserved, brain enriched miRNA and the most frequently
identiﬁed misregulated miRNA in Alzheimer’s disease to date [83, 156]. Addition
of Aβ to primary neuron cultures results in a rapid decrease of miR-9 in vitro and
suggests that deregulation may be related to plaque formation [67, 149]. The targets
for miR-9 include neuroﬁlament heavy chain (NFH), a protein found in neuroﬁbrillary tangles, and sirtuin 1 (SIRT1), a deacetylase that interacts with tau and is linked
to accumulation of hyperphosphorylated forms of tau in the disease [150, 157].
Three other miRNAs have been found to suppress SIRT1, namely miR-181c, miR34, and miR-132, all of which show consistent altered expression in Alzheimer’s
disease brain [151, 158].
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Parkinson’s Disease
Parkinson’s disease (PD) is characterized clinically by bradykinesia, tremor, and
rigidity. This is caused by the progressive loss of dopaminergic neurons in the substantia nigra pars compacta. The majority of cases are idiopathic; however, around
20 % of patients have a positive family history. The most important and widely
accepted monogenically inherited Parkinson’s disease genes are α-synuclein
(SNCA) and leucine-rich repeat kinase 2 (LRRK2) for late-onset disease and Parkin
(PARK2), oncogene DJ1 (DJ1) and PTEN Induced Putative Kinase 1 (PINK1) for
early onset [152, 159]. The neuropathology of Parkinson’s disease is characterized
by cellular inclusions known as Lewy bodies in neurons, the main components of
which are α-synuclein, neuroﬁlament, and ubiquitin.
Recent studies suggest that miRNAs may be involved in the development of
Parkinson’s disease. Of particular interest, because it not only relates miRNAs with
neurodegeneration but also further relates miRNA with mitochondrial regulation
and the onset of disease, is the case of complex-I targeting in neuronal cells [160].
The role of TNF-α in the regulation of cell death and miRNA-mediated mitochondrial functions was evaluated using neuronal cells SH-SY5Y (model of dopaminergic neuron degeneration similar to PD). It was found that increased levels of TNF-α
alter the miRNAs targeting nuclear-encoded mitochondrial complex-I subunits,
decreases ATP levels, increases ROS levels and mitochondrial turnover through
autophagy, further inducing mitochondrial oxidative stress by dysregulation of
complex-I activity and consequent cell death.
Deletion of Dicer (one of the regulators of miRNA expression machinery) in
dopaminergic neurons in transgenic mice led to reduced locomotion and symptoms
reminiscent of human Parkinson’s disease [153, 161]. Expression proﬁling of miRNAs from patient midbrain samples revealed a signiﬁcant decrease in miR-133b.
miR-133b targets Pixt3, a transcription factor enriched in dopaminergic neurons,
which is deﬁcient in the aphakia mouse model of Parkinson’s disease [154, 162]. A
negative feedback model has been proposed to explain the relationship, in which,
Pitx3 speciﬁcally induces transcription of miR-133b and Pitx3 activity is directly
downregulated by miR-133b [83, 156].
miRNA proﬁling to evaluate deregulation of miRNAs in various regions of
human Parkinson’s disease brain tissue has also reported a widespread reduction in
the miR-34b/c cluster, which could be detected early in the disease course. Depletion
of these miRNAs in dopaminergic neuronal cells led to a reduction of cell viability
accompanied by mitochondrial dysfunction [67, 163].
One of the most important factors in Parkinson’s disease pathology is
α-synuclein protein accumulation [157, 163]. Examination of the SNCA gene has
revealed an unusually highly conserved and long 3′UTR sequence which is important in the posttranslational control of the gene and strongly suggests a role for
miRNA regulation [158, 164]. Two miRNAs have been identiﬁed as directly targeting SNCA, namely miR-7 and miR-153. These brain-enriched miRNAs have
been found to bind directly to SNCA mRNA and downregulate its expression
[159, 165]. In addition, miR-7 suppresses SNCA mediated cytotoxicity in neuronal
cell models [161, 166].
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Amyotrophic Lateral Sclerosis
Amyotrophic Lateral Sclerosis (ALS) is characterized by the progressive loss of
upper and lower motor neurons from the motor cortex, brain stem and spinal cord.
For the patient, this results in severe muscle atrophy leading to paralysis and death
usually within 2–5 years of symptom onset [162, 167]. A family history of ALS is
found in 5 % of patients, with the remaining 95 % of cases sporadic in nature.
Several genes have now been identiﬁed as causative in ALS of which the most frequent are C9ORF72, superoxide dismutase 1 (SOD1), and transactive response
DNA-binding protein (TARDBP) [83, 165].
Dicer knockdown was already used to generate transgenic mice lacking the ability to produce mature miRNAs in a subset of their postmitotic motor neurons [163,
168], in order to determine if miRNAs are essential to motor neuron survival. The
transgenic animals showed progressive locomotor defects and denervation muscle
atrophy caused by motor neuron loss. Further work revealed a speciﬁc increase in
NFH expression, which was at least in part attributed to the loss of miR-9. This is a
miRNA highly expressed in the brain and found to be upregulated in mouse models
of the juvenile motor neuron disorder known as spinal muscular atrophy (SMA)
[163, 169]. In addition, miRNAs that directly target neuroﬁlament light chain (NFL)
have been found to be altered in ALS. Upregulation of miR-146a and downregulation of miRNAs 524-5p and 582-3p were reported in SALS spinal cord [164, 170].
Changes in miRNAs have also been seen in peripheral ALS tissues, namely in
the muscle from mutant SOD1 mouse models of ALS [165, 171]. A dramatic
increase in the miR-206 was observed in transgenic mice at the time of symptom
onset and was found to be a direct result of denervation. miR-206 is a skeletal
muscle-enriched miRNA that has fundamental roles in muscle development and
plasticity [166, 172]. A similar increase in miR-206 has also been observed in
human ALS patient muscle tissue [167, 173]. The loss of miR-206 from transgenic
SOD1 mice accelerated the rate of disease progression, most likely because miR206 is a key player in nerve-muscle communication and therefore essential for reinnervation following nerve damage [165, 174].

Huntington’s Disease
Huntington’s disease is an autosomal dominant inherited disorder caused by an
elongated CAG repeat expansion in the Huntingtin (HTT) gene. The classical motor
symptom of chorea is not present in all patients, whilst other motor features such as
impaired balance or abnormal ﬁne ﬁnger movements are more likely to interfere
with the patient’s quality of life [168, 175]. Although HTT is ubiquitously expressed,
the aggregates of mutant HTT protein, which are a pathological hallmark of the
disease, are restricted to neuronal cells [169, 173, 176].
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There are widespread gene expression changes in Huntington’s disease and
evidence suggests these can be attributed partly to miRNA deregulation [170, 175,
177]. Depletion of wild type HTT compromises miRNA mediated gene silencing
and the mutant protein disrupts neuronal P body integrity [21, 104, 171]. There is
also evidence to suggest other key components of miRNA biogenesis are deregulated in mouse models of the disease, including Dicer, Drosha, and Exportin-5, at
different stages of the disease course [105, 106, 172]. Studies to proﬁle miRNA
expression in human tissue, mouse models of disease, and cellular systems have
revealed numerous expression changes in miRNAs, suggesting that deregulation is
extensive in Huntington’s disease [107, 111, 173].
More speciﬁcally, the miR-200 family is altered in the cortex of mutant HTT
mouse models at early stages of disease, which may compromise a network of genes
involved in neuronal plasticity and survival [112, 174]. In cellular models of
Huntington’s disease, miR-146a, miR-125b, and miR-150 are downregulated while
miR-34b was elevated by the presence of mutant HTT protein [175]. Further investigation revealed complex interplay between these miRNAs and several transcriptions factors, including p53, RelA, and NFkB, [173, 176]. Interestingly, miR-146a,
miR-150, and miR-125b also targeted HTT and were predicted to interact with tata
binding protein (TBP), a protein known to be recruited into mutant HTT aggregates,
and were shown to modulate aggregate formation [175, 177].
In a recent study with a monkey model of Huntington, 11 miRNAs were found
to be signiﬁcantly associated with HD in the frontal cortex of the HD monkeys
[178]. miR-128a, which has a corresponding disruption in humans and mice with
HD, was downregulated in HD monkey model by the time of birth, and was also
downregulated in the brains of pre-symptomatic and post-symptomatic HD patients.
Additionally, the authors reported a panel of canonical HD signaling genes regulated by miR-128a as well, including HTT and Huntingtin Interaction Protein 1
(HIP1) [178].
While the clinical application of miRNAs as biomarkers and therapies is perhaps
premature, the rate of discovery is promising. In an era of personalized medicine,
the use of miRNA expression signatures to subclassify neurodegenerative disease,
provide markers for therapeutic effectiveness and prognosis prediction, is an attractive prospect. Despite the anticipated off-target effects that cannot be fully predicted, saturation of the miRNA biogenesis pathway and possible immune activation,
miRNA-based therapy has shown promise in animal models of neurodegeneration.
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Chapter 9

microRNAs in Cerebrovascular Disease
Ondřej Volný, Linda Kašičková, Dominika Coufalová, Petra Cimflová,
and Jan Novák

Abstract Cardiovascular diseases are major causes of morbidity and mortality in
developed countries. Cerebrovascular diseases, especially stroke, represent major
burden of disability and economy impact. Major advances in primary and secondary prevention and therapy are needed in order to tackle this public health problem.
Our better understanding of pathophysiology is essential in order to develop novel
diagnostic and therapeutic tools and strategies. microRNAs are a family of important post-transcriptional regulators of gene expression and their involvement in the
pathophysiology of cerebrovascular diseases has already been reported. Moreover,
microRNAs may represent above-mentioned potential diagnostic and therapeutic
tools in clinical practice. Within this chapter, we brieﬂy describe basic epidemiology,
aetiology and clinical manifestation of following cerebrovascular diseases: extracranial carotid atherosclerosis, acute stroke, intracranial aneurysms and cerebral
arterio-venous malformations. Further, in each chapter, the current knowledge about
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the involvement of speciﬁc microRNAs and their potential use in clinical practice
will be summarized. More speciﬁcally, within the subchapter “miRNAs in carotid
atherosclerosis”, general information about miRNA involvement in atherosclerosis
will be described (miR-126, miR-17-92, miR-155 and others) with special emphasis
put on miRNAs affecting carotid plaque progression and stability (e.g. miR-145,
miR-146 or miR-217). In the subchapter “miRNAs in acute stroke”, we will provide
insight into recent knowledge from animal and human studies concerning miRNA
proﬁling in acute stroke and their expression dynamics in brain tissue and extracellular ﬂuids (roles of, e.g. let-7 family, miR-21, miR-29 family, miR-124, miR-145,
miR-181 family, miR-210 and miR-223). Subchapters dealing with “miRNAs and
AV malformations” and “miRNAs and intracranial aneurysms” will focus on miR21, miR-26, miR-29 family and miR-143/145.
Keywords microRNA • Carotid atherosclerosis • Ischemic stroke • Intracranial
aneurysms • Cerebral arterio-venous malformations

Carotid Atherosclerosis
Epidemiology of Carotid Atherosclerosis
Atherosclerosis represents a complex arterial disease characterized by vascular
wall inﬂammation and remodelling in the end resulting in the creation of atherosclerotic plaques [1]. According to the site of plaques occurrence, atherosclerosis
clinically presents as coronary artery disease (CAD), carotid atherosclerosis (Fig.
9.1) or peripheral artery disease (PAD) [2]. Carotid arteries represent one of the
speciﬁc places of plaques accumulation, especially concerning the ostium and
bifurcation of common carotid artery, probably due to alteration of blood ﬂow at
these locations [3]. Accumulation of atherosclerotic plaques in carotid arteries
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Fig. 9.1 Atherosclerotic plaque in the left internal carotid artery, curved multiplanar reconstruction (MPR). Sagittal (left) and axial (right) CT angiography scans of the neck demonstrating >90
% narrowing of the internal carotid artery behind the common carotid artery bifurcation.
Atherosclerotic plaque is represented by a hypodense area in the arterial lumen (black star), open
arrows point to the plaque calciﬁcations (the most apparent hyperdense part; on the axial scan
forming a hyperdense rim). White arrow on the axial scan (right) shows the residual vascular
lumen (diminished by mass of the plaque). CCA common carotid artery, ECA external carotid
artery, ICA internal carotid artery, VA vertebral artery

affects signiﬁcantly blood supply to the brain and predisposes patients to fainting,
syncope and possibly to ischemic stroke. Based on data of Framingham cohort
study, the reported prevalence of carotid artery atherosclerosis (deﬁned as stenosis
>50 % evaluated by carotid ultrasound) in the study population was 7 % in women
and 9 % in men [4–6]. In term of stroke aetiology, the atherosclerotic aetiology
accounts for 10–15 % of ischemic strokes and soon revelation of carotid atherosclerosis represents a risk factor for future stroke development [7].

Clinical Evaluation of Carotid Atherosclerosis
Carotid stenosis can be evaluated by various non-invasive methods [8, 9]:
• B-mode ultrasound (parameters as intima-media thickness (IMT), echogenic
quality and 3D volume measurement of plaque characteristics)
• Transcranial Doppler (microemboli detection used as a marker of plaque instability; detection of intracranial carotid stenosis)
• Computed tomography angiography/CTA (assessment of arterial stenosis and
basic plaque characteristics)
• Magnetic resonance imaging/MRI (evaluating the intraplaque haemorrhage and
presence of a ﬁbrous cap, both representing radiological markers of plaque
vulnerability)
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• Positron emission tomography/PET (research imaging technique used for
evaluation of vascular wall inﬂammation)
Periodical carotid plaque evaluation represents a tool for therapy monitoring and
carotid plaque evolution. The most important is a proper treatment of vascular risk
factors (hypertension, diabetes, dyslipidemia, smoking cessation, etc.), speciﬁcally,
the therapy of dyslipidemia is typically led by statins which lower serum cholesterol
levels, reduce subclinical inﬂammation inside the plaque, and promote intraplaque
stabilization independently of cholesterol lowering as well [10].

Pathophysiology of Atherosclerosis and Roles of miRNAs
From the pathophysiological point of view, atherosclerosis represents a complex
process of arterial wall inﬂammation and remodelling that includes activation of
endothelial cells (ECs) by various external stimuli, e.g. disrupted blood-ﬂow [3] or
oxidized LDL (oxLDL) presence [11], which further leads to activation/proliferation of vascular smooth muscle cells (VSMCs), vascular wall ﬁbroblasts and also
other cell types, such as platelets, adipocytes or macrophages (and their altered form
“foam cells”) [1, 11]. All above-mentioned processes results in the end in the creation of atherosclerotic plaques. Predominantly, atherosclerotic plaques are formed
at places exposed to disrupted blood ﬂow, in vivo speciﬁcally in the aortic arch and
arterial bifurcations [12]. Recent advances in our understanding of atherosclerosis
pathophysiology revealed that shear stress signiﬁcantly affects the gene expression
of EC exposed to either high or low shear stress, and miRNAs seem to participate
even in the ﬂow-regulation of atherosclerosis [12, 13].
Roles of miRNA in atherosclerosis include mainly (a) regulation of gene expression in all aforementioned cells and (b) miRNAs serve as mediators of cell-to-cell
communication [13, 14]. From the atherosclerotic point of view, miRNAs (also
termed “athero-miRs”) can be divided to several groups concerning their individual
characteristics—to mechano-responsive or mechano-irresponsive (depending on the
response to shear-stress) or to proatherogenic, antiatherogenic or ambigual (according to their effects on atherosclerosis progression) [15]. Providing the complex overview of miRNAs involved in atherosclerosis is not the main goal in this
subchapter—here we will provide just a brief summary of the roles of main atheromiRs, i.e. miR-17-92 cluster, miR-126, miR-143/145 cluster and miR-155, and then
we will speciﬁcally focus on human studies dealing with carotid atherosclerosis.

AtheromiRs
Concerning the complex pathophysiology of atherosclerosis, from all potential
miRNAs involved, we should deﬁnitely mention ,widespread miR-17-92 cluster
[16], endothelium-speciﬁc miR-126 [17], vascular-smooth muscle, cell enriched
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miR-143/145 cluster [18, 19], and also immunity-related miR-155, that is even
tightly connected to macrophages function [20].
Members of miR-17-92 cluster (i.e. miR-17, miR-18a, miR-19a, miR-19b, miR20a and miR-92a) were shown to be downregulated after the exposure of endothelial cells to laminar (≈stable) ﬂow [21], which makes miR-17-92 proatherogenic—we
can imagine that by downregulating miR-17-92, endothelium somehow “protects
itself” from miR-17-92 effects. miR-17-92 was shown to target Krüppel-like factor
(KLF)-2 and KLF-4 and this targeting promoted endothelial inﬂammation—on the
other hand, if miR-17-92 was inhibited, it reduced the expression of proinﬂammatory markers [22]. Moreover, on the contrary to tumour angiogenesis that is promoted by miR-17-92 increase [23, 24], endothelial sprouting and neovascularization
are promoted if miR-17-92 cluster activity is decreased [23, 24] and this may potentially contribute to restenosis occurrence. Concerning other general roles of miR17-92 cluster in the regulation of cell cycle and apoptosis [25], more studies are
needed to shed a light on the precise functions of this cluster in atherosclerotic
process; however, inhibition of miR-17-92 cluster may generally be considered
atheroprotective.
Endothelial speciﬁc miR-126 (and its passenger strand miR-126*) are both
known to be highly expressed in endothelium and they are crucial for vascular integrity and the vessel development (by targeting PIK3R2, Spred-1 [17, 26], VEGF [27]
or, e.g. by affecting angiopoietin signalling [28]). Their upregulation in endothelial
cells generally seems to be atheroprotective. By targeting vascular cell adhesion
molecule (VCAM)-1 miR-126 attenuates endothelial inﬂammation [29]. Similarly,
miR-126 packaged in apoptotic bodies enhances endothelial recovery through
upregulation of CXCL12 (particularly by inhibiting RGS16, CXCL12 inhibitor
[30]), and miR-126* keeps endothelial proliferative reserve by targeting DLK1
[31]. Moreover, circulating levels of miR-126 were shown to be decreased in
patients with coronary atherosclerosis and diabetes, which may contribute to the
pathophysiology of both diseases [32, 33]. On the other hand, miR-126 transfer into
VSMCs was shown to promote VSMCs turnover, thus suggesting a potentially negative role in vascular remodelling [34]. miR-126 functions thus need to be evaluated
strictly in the tissue (or cell)-dependent manner.
Focusing now on VSMCs, miR-143/145 should be mentioned. To fulﬁl their
functions in the vessel tone regulation, VSMCs need to remain in so-called contractile (or quiescent) phenotype; during various pathologies, the phenotypic switch to
“synthetic” (or “proliferative”) phenotype occurs interfering with VSMCs normal
function [35]. miR-143/145 was shown to be one of the crucial regulators of the
phenotypic switch—increased levels of miR-143/145 are needed in VSMCs to
remain in “contractile” phenotype [18, 36]. Knockout of miR-143/145 leads to
incomplete differentiation of VSMCs and results, e.g. in aneurysm development
[36]. Interestingly, it was shown that miR-143/145 levels are increased in ECs under
the laminar ﬂow [37] and moreover, miR-143/145 is transferred from ECs into
VSMCs in order to keep them in “contractile” phenotype [38]. miR-143/145 targeting thus deﬁnitely represents a potential therapeutic target in the treatment of atherosclerosis for the future.
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Lastly, if talking about atherosclerosis, macrophages need to be mentioned
together with miR-155. miR-155 represents a master inﬂammation-miRNA and the
important regulator of the immune system functions [20]. It was repeatedly shown
that miR-155 knockout or inhibition in experimental models of atherosclerosis led
to reduction of atherosclerotic plaques size and decreased macrophage accumulation [39, 40]. Via targeting of endothelial NO-synthase (eNOS), miR-155 further
disrupts endothelial relaxation, which also contributes to the pathophysiology of
atherosclerosis [41]. Interestingly, circulating (particularly plasmatic) levels of
miR-155 were shown to be increased in experimental models of atherosclerosis [42]
and miR-155 was shown as one of the most abundant miRNAs contained within
LDL particles. This may partly explain LDL proinﬂammatory effects [43]. On the
contrary, also antiatherogenic effects or miR-155 were described—e.g. absence of
miR-155 in the haematopoetic cells in the hyperlipidemic mice increased atherosclerotic plaque formation [44]. Moreover, in human subjects with CAD, circulating levels of miR-155 are reduced [32]. More information about the conﬂicting role
of miR-155 within atherosclerosis development can be found in the recent study
performed by Ma et al. [45].

miRNAs in Carotid Atherosclerosis in Humans
Human studies dealing with carotid atherosclerosis mostly determined expression
of miRNAs from carotid atherosclerotic plaques obtained during endarterectomy of
carotid arteries in patients with symptomatic stenosis [46–48]. Comparison of
carotid plaques miRNA expression revealed a set of differentially expressed miRNAs compared to miRNA expression in normal carotid arteries and within this set,
miR-21, miR-34a, miR-146a, miR-146b-5p and miR-210 were found to be upregulated [47]. In the very interesting study by Cipollone et al., the subset of ﬁve miRNAs (miR-100, miR-127, miR-145, miR-133a and miR-133b) were further shown
to be increased in patients after stroke compared to patients with plaques but without stroke, thus predicting higher plaque instability [46]. In the agreement with
Cipollone results, miR-145 expression was shown to be higher in carotid plaques
from patients with hypertension [48], who are more prone to develop stroke if
hypertension is not properly treated. Higher carotid plaque expression of miR-145
may thus be considered as a risk factor for plaque instability [46, 48]. Interestingly,
higher circulating miR-145 levels were shown [49] and at the same time abolished
[50] as a potential stroke biomarker (as described further).
Focusing more on circulating miRNAs, levels of miR-21 and miR-221 were
shown to be higher in patients with carotid atherosclerosis [50] and urinary levels of
miR-29b were shown to correlate with cIMT in patients with type 2 diabetes mellitus (T2DM) [51]. All three miRNAs may thus serve as potential markers of carotid
atherosclerosis reﬂecting the disease severity [50, 51].
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Lastly, we would like to point out very interesting role of miR-217 described in
the senescence of ECs (using human umbilical vein ECs, aortic ECs and coronary
ECs together with endarterectomy samples) [52]. miR-217 was shown to be
expressed in human carotid plaques and it was shown to regulate the expression of
silent information regulator 1 (Sirt1)—as the cells were ageing, miR-217 levels were
increasing with concomitant decrease in Sirt1 levels, a phenomenon known to occur
during ageing. Blockade of miR-217 reversed effect of ageing and increased angiogenic activity. miR-217 antagonism may thus represent very interesting strategy to
reduce endothelial senescence and prevent the development of age-related diseases.

Summary
Both atherosclerosis in general and particularly carotid atherosclerosis represent
risk factor for stroke development. Studies using endarterectomy and plasma/urine
samples to reveal biomarkers of plaque instability or disease severity deﬁnitely indicate that miRNAs may serve not only as potential diagnostic but also therapeutic
targets in carotid atherosclerosis. Further studies on larger cohorts and involving
patients with various comorbidities are needed as well as studies using animal models of plaque instability, to reveal the true potential of miRNAs in the carotid atherosclerosis for future clinical practice.

Ischemic Stroke
Epidemiology of Ischemic Stroke
Stroke represents a major cause of disability and the second leading cause of death
worldwide (after coronary artery disease), with an incidence of about 17 million per
year. It affects both the elderly and the young (in 2010, 31 % of strokes affected
adults under 65; more than 83,000 children and youths under 20 have had strokes).
Improvements in primary prevention and lifestyle changes have led to a decreased
incidence of age-adjusted stroke. Nevertheless, the overall number of strokes has
been increasing and is expected to accelerate over the coming decades because of
the population ageing. It is predicted that stroke will account for 6.2 % of the total
burden of illness in developed countries by 2020. Without major advances in primary and secondary prevention, acute stroke management and treatment, and in
post-stroke rehabilitation, the burden and cost of this disease will considerably
increase [53–55]. Stroke can be classiﬁed as ischemic or haemorrhagic. Ischemic
stroke can be either transient ischemic attack (TIA) or cerebral infarction.
Haemorrhagic strokes can be either intracerebral or sucharachnoid. Figure 9.2
shows the computed tomography (CT) differences between acute ischemic and
haemorrhagic strokes.
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Fig. 9.2 Ischemic and haemorrhagic stroke on CT. (a) Normal CT (typical baseline ﬁnding in
patients with acute ischemia); (b) acute ischemia 24 h after stroke onset (hypodense area marked
by white arrows); (c) sucharachnoid haemorrhage (hyperdense signal marked by white arrows);
(d) intracerebral haemorrhage (ICH); (e) intraventricular haemorrhage; (f) cortical vein/dural
sinus thrombosis (hyperintensities represents acute clots in cortical vein and superior sagittal
sinus)

Brief Aetiology and Pathophysiology of Ischemic Stroke
and Intracerebral Haemorrhage
Ischemic strokes represent at least 85 % of all strokes. Sometimes, the cerebral
infarctions with a small deﬁcit are called “minor strokes”. Cerebral ischemia represents a consequence of arterial or arteriolar occlusion leading to the blood ﬂow
reduction. Possible ischemic stroke mechanisms (aetiologies) include ischemic
strokes of atherotrombotic (30 %), lacunar (20 %) or cardioembolic origin (30 %);
of other known aetiology, e.g. arterial dissection, vasculitis, hemodynamic infarctions, thrombophilia, cortical vein or dural sinus thrombosis (5–10 %); and 5–10 %
are strokes of unknown cause termed cryptogenic strokes [54, 56].
It is important to mention that therapeutic and preventive strategies depend on
the proper diagnosis of the stroke cause. Typical example is an indication for anticoagulation versus antiplatelet therapy (secondary prevention) in patients with
cardioembolic versus non-cardioembolic strokes. Identiﬁcation of the exact cause
is also important for prognosis and treatment of additional risk factors.
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Intracerebral haemorrhages (ICHs) are divided in the primary and secondary.
Primary ICHs are caused by a rupture of cerebral artery/arteriole, and are typically
associated with uncontrolled hypertension. Based on the localization apparent on
neuroimaging methods, they can be divided into two main types: typical and atypical. The typical ICH is located in deep brain structures supplied by perforating
arteries. The atypical ICHs are located more superﬁcially (e.g. lobar haemorrhages).
Atypical ICHs (20 % of all ICH) are usually secondary to medical conditions different to hypertension, such as coagulopathies, arterio-venous malformations, other
vasculopathies, and tumours.
From clinical point of view, presentation of ICH is very similar to acute ischemic
stroke, and therefore ICHs cannot be differentiated from acute ischemia based only
on clinical examination. ICH manifestation corresponds to its location and volume,
and also to the bleeding progression. Because treatments of ischemic and haemorrhagic strokes differ, brain CT or MRI are essential for differential diagnosis and
treatment decision-making [57–60].

microRNA in Acute Ischemic Stroke
There are numerous roles of miRNAs in acute ischemic stroke—e.g. intracellular
miRNAs participate in pathophysiology of ischemic stroke via affecting the target
genes expression involved in atherosclerosis, angiogenesis and/or neuroinﬂammation [61]; extracellular miRNAs serve as mediators of cell-to-cell communication affecting pathophysiology and course of the disease. Molecules released
into the extracellular space might represent clinically valuable biomarkers. It was
shown that almost any ischemic conditions (coronary artery disease, peripheral
artery disease) lead to alteration in circulating miRNA levels [62]. The tissue-speciﬁc
miRNAs are released into the circulation after cell damage or death, and thus indirectly indicate the organ damage [63, 64]. Since the levels of circulating miRNAs are
not random and exact mechanisms of miRNA secretion/excretion still need to be
clariﬁed, these miRNAs may even reﬂect the course of disease and bring to clinicians information regarding patients prognosis and outcome (e.g. in myocardial
infarction, speciﬁc miRNA proﬁle may predict development of heart failure [65]; in
stroke, miRNA proﬁles were shown to be predictive in stroke recurrence [66], etc.).
Within the ﬁeld of ischemic stroke, miRNAs have been studied both in different
animal models and human stroke populations. In terms of miRNAs detection both
principal approaches, i.e. studying the expression proﬁles of many miRNAs at the
same time (“miRNA proﬁling”), as well as candidate-miRNAs approach (i.e. focusing more deeply on a subset of miRNAs, their possible targets and biological roles)
have already been employed.
Within the following subchapter, we will focus on proﬁling studies giving a
rationale for further miRNA studies in the ﬁeld of ischemic stroke.
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Animal Models of Stroke
Experimental stroke models used in following studies comprise mainly of cell culture (varying from generally accessible cell cultures such as HEK cells, N2A cells,
to the primary cultured cortical neurons) of oxygen-glucose deprivation (OGD)
simulating hypoxic-ischemic conditions by restriction of oxygen and glucose or
pure hypoxia (e.g. for 30 to 60 min). Otherwise the H2O2 application responsible for
simulating the reactive oxygen species (ROS) speciﬁc damage has been induced
and studied. In studies focused on the roles of progenitor cells after acute ischemia,
the subventricular zone (SVZ) cells has been isolated and studied in hypoxicischemic conditions.
In animal model studies, models of the middle cerebral artery occlusion (MCAO)
have been typically used but with different approaches to the induction of occlusion
(usually lasting from 60 to 120 min followed by varying periods of reperfusion and
sampling). The way of MCAO technique has been also highly variable (using
electro-coagulation, embolic techniques or complete mechanical obstruction, etc.).
In terms of animals, spontaneously hypertensive rats (SHR), Wistar rats, SpragueDawley rats or C57BL/6J mice have been used.
In human studies, there is no possibility to simulate experimental stroke, thus
only patients admitted to hospitals with stroke symptoms might be involved in
miRNA sampling from different bodily ﬂuids. So far, only the blood and its derivatives, and/or cerebrospinal ﬂuid have been used in human stroke research.

Profiling microRNA Studies in Acute Ischemic Stroke
Up to date several miRNA proﬁling studies were performed using both animal
model of stroke [67–72] and human stroke patients [73–78], in the animal studies
using either brain tissue or blood or both; in the human studies using bodily ﬂuids
of patients after ischemic event.

Animal Profiling Studies
The very ﬁrst miRNA proﬁling in animal stroke model was performed by Jeyaseelan
et al. in 2008. Using MCAO model, they performed screen for 236 various miRNAs
in both blood and brain at two different time points (20/106 and 25/82 differentially
expressed miRNAs at 24 and 48 h in blood/brain were identiﬁed). Moreover, the
expression of following miRNAs was detected for the ﬁrst time in the rat brain:
miR-126, miR-129, miR-129*, miR-145, miR-181a/b/c and miR-185.
Focusing on the speciﬁc group of miRNAs the authors conﬁrmed several targets:
laminin-1 and integrin-1 as targets of miR-124, VSNL1 (neuronal calcium sensor)
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as a target of miR-290 (and possibly also miR-124a); aquaporin (AQP4) as a target
of miR-30a-3p and miR-383, and matrix metalloproteinase 9 (MMP9) as a target of
miR-132 and miR-664 [69]. In their following study, they focused on miRNAs
expression in later phases of stroke (48–168 h after ischemic stroke) and identiﬁed:
miR-21, miR-142-3p, miR-142-5p and miR-146a to be increased and miR-196a/b/c,
miR-224 and miR-324-3p to be decreased as compared to the acute phase. Moreover,
levels of miR-206, miR-290, miR-291a-5p and miR-30c-1* positively correlated
with infarct volume [70].
Further, Dharap and colleagues used SHR and extended ﬁndings from the ﬁrst
study of Jeyaseelan by sacriﬁcing animals at ﬁve different time points (3, 6, 12, 24
and 72 h). It was shown that 49 miRNAs were dysregulated after transient MCAO,
24 miRNAs were upregulated and 25 showed downregulation at least one of these
time points. Other subsets of miRNAs were detected at two or more time points
showing that expression of some miRNAs (e.g. miR-140, miR-145, miR-260, miR292-5p) tended to increase and of other miRNAs (e.g. miR-376-5p, miR-153)
tended to decrease over time, while other miRNAs were altered only transiently
(e.g. miR-29c) or permanently without the speciﬁc increase or decrease (e.g.
miR-344-3p).
The authors further focused on miR-145 and its target superoxide dismutase
(SOD2) using antagomir against miR-145 showing that inhibition of miR-145 led to
SOD2 upregulation and consequently protected the neurons from cell death [67].
Similarly to Dharap, Gubern et al. in 2013 also proved the expression change of 32
miRNAs during acute phase of stroke (30 min and 6 h) and late stroke phases (7 and
14 days). Their group further focused on miR-347 and its targets (Acsl4, Bnip31
and Phyhip) showing its importance in regulation of neuronal cell death [68].
Compared to previously mentioned studies, Selvamani et al. [71] focused on
stroke from slightly different point of view—studying effect of age and sex on
miRNA expression (miR-127-3p, miR-335, miR-543, miR-139-5p, miR-33a, miR338-3p, miR-222, miR-15b, miR-92a, miR-424, miR-495 and miR-33) in blood and
brain at day 2 and 5 after the MCAO. Interestingly, on the day 2, differences in
miRNA levels were affected mainly by age, and on the day 5 mainly by sex showing
the need to keep in mind the confounding factors.
Animal proﬁling studies deﬁnitely created a great background for the studies
mentioned further by identifying a wide range of miRNAs altered in brain tissue
after stroke. These studies showed that a large number of miRNAs was altered in rat
brain after ischemic event and that this set was not completely the same as the set of
blood identiﬁed miRNAs. Nowadays, it has been revealed that after stroke, also
other organs than brain are involved in the complex body reaction affecting patient
outcome. Thus identiﬁcation of other miRNAs involved, e.g. in inﬂammation, or
being other organ speciﬁc (e.g. ﬁnding of liver speciﬁc miR-122 to be increased in
blood after stroke) may further stimulate the research in order to better understand
the complex effect of stroke on the organism.
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Human Profiling Studies
Unlike the animal proﬁling studies, where brain tissue is available and enable much
deeper focus on molecular biology of stroke, only bodily ﬂuids are available in
ischemic stroke in humans for miRNA analysis.
One of the ﬁrst attempts to identify circulating miRNAs in peripheral blood of 19
patients after stroke was performed by Tan et al. in 2009. Relatively young patients
(aged 19–49 years) were enrolled and from 836 miRNAs studied in total, 157 were
found to be dysregulated after stroke (138 upregulated, 19 downregulated). Out of
these let-7f, miR-126, -1259, -142-3p, -15b, -186, -519e and -768-5p were consistently downregulated in all patients independently of the stroke subtype (according
to TOAST classiﬁcation).
Interestingly, miRNA clustering revealed different expression patterns in patients
with good and poor clinical outcome deﬁned as modiﬁed Rankin scale (mRS) ≤2
versus mRS >2. Although being a small-sized study enrolling only young individuals, the very promising results deﬁnitely identiﬁed miRNAs potentially useful as
biomarkers of acute stroke and thus much larger studies were performed by the
same group in 2013 [76] and 2014 [74].
In the ﬁrst mentioned study, authors studies no-risk or low-risk patients with
stroke, to avoid a potential effect of atherosclerosis, hypertension or diabetes on
circulating miRNA proﬁles and identiﬁed 293 miRNAs out of whose 21 miRNAs
presented with similar expression in all stroke samples [76]. Four of these, miR25*, -34b, -483-5p and miR-498, were shown to be downregulated in all cases.
In the latter mentioned study, the authors involved two groups of stroke patients:
relatively young (≈45 years) and older cohort (≈60 years) after stroke. The latter
cohort displayed a number of age-related comorbidities, which also was a reason to
involve healthy control (≈40 years) and patients with metabolic syndrome without
the history of stroke as two control cohorts [74]. Out of 314 miRNAs studied, downregulation was observed in 58 and upregulation in 47 miRNAs in acute (24, 48 h up
to 7 days) or late phase (from 2 months to 2 years) of stroke. Sixty-three miRNAs
were found to be altered at both phases and ﬁve upregulated miRNAs, miR-27a*,
miR-125b-2*, miR-422a, miR-488 and miR-627, showed high AUCs for patients
after stroke, compared to those with metabolic syndrome. Moreover, authors showed
that clustering of 32 miRNAs enabled distinguishing among individual stroke subtypes according to TOAST classiﬁcation.
Another proﬁling after stroke was performed by Wang et al. [78]. This study
group focused on early stroke detection using MRI in 136 stroke patients within 24
h from stroke onset. Based on the MRI ﬁnding, MRI(+) and MRI(−) stroke patients
were distinguished and proﬁles were taken for these patients together with 116
healthy subjects. Altogether, 42 miRNAs were chosen for further conﬁrmation and
out of these, 13 miRNAs were conﬁrmed as upregulated and 4 miRNAs as being
downregulated. miR-106b-5p and miR-4306 showed gradual expression and being
the lowest in controls, higher in MRI(−) and the highest in MRI(+) patients.
Contrarily, miR-320e and miR-320d showed opposite trend, i.e. being downregu-
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lated in MRI(−) and more downregulated in MRI(+) patients, thus being identiﬁed
as potential biomarkers of acute stroke.
One of the very recent proﬁling studies of human serum was performed by Li
et al. This study identiﬁed 115 differentially expressed miRNAs in ischemic stroke
patients. Out of whose miR-32-3p, miR-106-5p, miR-1246 and miR-532-5p were
identiﬁed as potential stroke biomarkers [79].
Another attempt to study speciﬁc roles of miRNAs in stroke was performed by
Jickling et al. In this study the authors determined miRNA proﬁles from peripheral
blood mononuclear cells, not from plasma or serum [73]. This different approach
enables to study leukocytes expression proﬁles and reveal a potential interconnection between immunity, inﬂammation and stroke. In conclusion miR-122, miR148a, let-7i, miR-19a, miR-320d and miR-4429 were decreased and miR-363 and
miR-487b increased in the cells of patients with stroke and thus the potential regulation of leukocyte adhesion, extravasation and thrombi formation was proposed [73].
Most recently, Sorensen et al. published interesting paper identifying potential
miRNA biomarkers of acute stroke not only from blood but also using the cerebrospinal ﬂuid [75]. At the time of this manuscript preparation, only abstract of this
study was available. The authors identiﬁed miR-151-3p and miR-140-5p to be
upregulated and miR-18b-5p to be downregulated in blood after stroke and miR523-3p was identiﬁed in more than 50 % of patients and in none of the controls in the
cerebrospinal ﬂuid. These results, together with results from other research groups
mentioned above or further clearly demonstrate a potential of miRNAs as biomarkers of acute ischemic stroke and the need for complex studies taking into account not
only the traditional cardiovascular and metabolic risk factors, sex, age but also using
control cohorts with other neurological disorders that can resemble stroke.

Candidate microRNA Studies
Following section summarizes up-to-date information regarding animal and human
studies in acute stroke with the special emphasis put on the let-7 family, miR-21,
miR-29 family, miR-124, miR-145, miR-181 family, miR-210 and miR-223. Roles
of other miRNAs are brieﬂy summarized in the last subsection. Overview of below
described miRNAs is provided in Tables 9.1 and 9.2, detailed description can be
found further in the text.

let-7 Family
let-7 family represents a group of nine miRNAs termed let-7a to let-7i. Being one
of the ﬁrst miRNAs even described with important functions in C. elegans developmental timing [111], its functions in humans has been extensively studied and
except of participating in tumorigenesis, angiogenesis and immunity, let-7 family
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Table 9.1 Overview of the targets and roles of the main miRNAs involved in stroke pathogenesis
miR
Let-7
family

miR-21

miR-29
family

Target
–

Model
–

IGF-1
signalling

–

Fas-Ligand

MCAO Wistar,
CN, HEK-293

Bcl-2

N2A NBLC

BH3-genes

MCAO,
C57BL/6,
hippocampal
neural cells

DNMT3a

MCAO, SHR
PC12 cells

Bcl2L2

MCAO, Wistar,
CN

Birc2
(Bak1)

FNS in SDR

–

MCAO, C57BL/6
J, CN

Function in stroke
Involved in neurogenesis and
neuronal differentiation.
Downregulated in stroke
Application of antagomir against
let-7f led to increased
neuroprotection
Expression of miR-21 is increased
after MCAO. In OGD cultured
cortical neurons, miR-21 levels are
unchanged. Introduction of miR-21
into HEK cells caused
downregulation of Fas-Ligand.
Potential therapeutic target
Increased expression of miR-21 by
reoxygenation after OGD in N2A
cells had antiapoptotic effect
miR-29b and miR-29c are
downregulated after stroke and this
can be prevented by oral
supplementation of α-tocotrienol.
Stereotactic injection of miR-29b
improved brain function and
lowered infarct size. Moreover,
miR-29b transfection into cell lines
protected cells from cell death
MCAO in adult rat caused
downregulation of miR-29c, which
promotes ischemic damage to brain
via DNMT1a induction.
Substitution of miR-29c improves
survival and neuronal damage
miR-29b is upregulated after
ischemic insult and promotes
neuronal cells death by targeting
Bcl2L2 in MCAO model
Fastigial nucleus stimulation (FNS)
is known to reduce brain damage
and its effect is partly mediated by
downregulation of miR-29c.
Application of FNS prior to
ischemic insult had neuroprotective
effect mediated by miR-29c
Study of miRNA expression in
salvageable ischemic penumbra:
miR-29b-2, -19b, 339-5p and
miR-341 are dysregulated and they
possibly participate on regulation
of gene expression in this area

References
[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]
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Table 9.1 (continued)
miR
miR124

miR145

Target
VSNL1

Model
MCAO, SDR

Ku70

MCAO, SDR

JAG1

MCAO, Wistar,
SVZ NC

Usp14

MCAO,
C57BL6/N, CN

Bcl-2,
Bcl-xl

MCAO,
C57BL/6, SHR,
CN

iASPP

MCAO,
C57BL/6, N2A
cells
MCAO, SHR

SOD2

Function in stroke
VSNL1 expression correlated with
miR-124 dynamics
After 2 h of focal cerebral ischemia
and 24 h reperfusion, miR-124 was
downregulated and Ku70
upregulated. Intraventricular
administration of miR-124
antagomir prevented neuronal cells
death and decreased infarct size
miR-124 levels are decreased in
subventricular zone (SVZ) after
MCAO and via targeting JAG-1,
miR-124 affects Notch signalling
pathway and reduces progenitor
cells proliferation and promotes
their differentiation
Lentiviral induced expression of
miR-124 had protective effect on
cortical neurons when OGD was
applied and similarly, miR-124
application in animal model led to
decreased infarct size and smaller
functional impairment. This is
mediated via miR-124-Usp14REST pathway
miR-124 levels are increased after
MCAO in animal model and
injection of agomir for miR-124
reduces infarct size. Pro/antiapoptotic signalling via Bcl genes
is involved in observed effect
miR-124 was increased after
cerebral ischemia
miR-145 is increased after
transient focal ischemia, targets
SOD2 and application of
antagomir against miR-145
increases SOD2, however, without
any signiﬁcant neuroprotection

References
[69]
[89]

[90]

[91]

[92]

[93]

[67]
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Table 9.1 (continued)
miR
miR181

miR210

miR223

Target
HspA5
(GRP78)

Model
MCAO, CB57/
B6, astrocytes

Bcl-2,
Mcl-1

MCAO, SDR,
N2A cells,
astrocytes

Bcl-2,
XIAP

MCAO, CB57/
B6

VEGF
pathway

MCAO, C57BL/6

Notch
pathway

MCAO SDR,
HUVEC

AQP4

MCAO SDR

GluR2,
NR2B

miR-223 KO
mice,
hippocampal NC
culture

Function in stroke
miR-181a is upregulated in
ischemic core and downregulated
in surrounding penumbra. Increase
in miR-181a promotes neuronal
cell death due to decrease in
GRP78
Decreased miR-181a after OGD
reduces apoptosis and
mitochondrial dysfunction in
cultured astrocytes and N2A cells.
In animal model of MCAO,
application of miR-181a prior to
ischemic insult resulted in reduced
infarcted area and prevented loss of
CA1 pyramidal neurons
miR-181a antagomir treatment
after stroke reduced infarction size,
inﬂammatory response (NFκB
activation, leukocyte inﬁltration)
and improved neurological deﬁcits
in mice
Using lentiviral vector, miR-210
was introduced to experimental
animals and this caused increase in
new microvessels and increase in
neural progenitor cells in SVZ
Increase in miR-210 (using
lentiviral vector) caused increased
angiogenesis and thus recovery
after MCAO
Increased expression of miR-223
correlated with decreased
expression of aquaporin 4
miR-223, via targeting glutamate
receptors (AMPAR and NMDAR)
subunits (GluR2 and NR2B,
respectively) prevents glutamateinduced neurotoxicity after stroke

References
[94]

[95, 96]

[97]

[98]

[99]

[69]

[100]

MCAO middle cerebral artery occlusion, OGD oxygen-glucose deprivation, HEK human embryonic kidney cells, NC neural cells, NBLC neuroblastoma cells, CN (primary) cortical neurons, SDR
Sprague-Dawley Rats, SHR spontaneously hypertensive rats, IGF insulin growth factor, Bcl-2
B-cell lymphoma 2, DNMT3a DNA methyltransferase 3A, Bcl2L2 Bcl-2-like protein 2, Birc2
baculoviral IAP repeat containing 2, Bak1 BCL2-antagonist/killer 1, VSNL1 visinin like 1 protein,
JAG1 jagged 1, Usp14 Ubiquitin carboxyl-terminal hydrolase 14, iASPP inhibitor of apoptosisstimulating protein of p53, SOD2 superoxide dismutase 2, HspA5 heat shock protein A5, Mcl-1
myeloid cell leukaemia 1, XIAP X-linked inhibitor of apoptosis protein, VEGF vascular endothelial growth factor, AQP4 aquaporin 4, GluR2 AMPA receptor subunit GluR2, NR2B N-methyl
D-aspartate receptor subtype 2B
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Table 9.2 Summary of other miRNAs involved in stroke pathogenesis
miR
miR17-92

Target
PTEN

miR103

NCX

miR107

GLT-1

miR134

HSPA12

miR137

Grin2A

miR200c

Reelin

miR3765p
miR424

HIF1α

CDK6,
CDC25A
CCND1

Nrf2

Model
MCAO
C57BL/6 J
SVZ NC

Function in stroke
After ischemic insult to animals or cell,
miR-17-92 is increased. This upregulation leads
to increase in neural progenitor cells
proliferation via PTEN, Wnt and c-Myc related
pathways
MCAO
Blockage of miR-103-1 with speciﬁc antagomir
SDR
prevents downregulation of NCX and increases
OGD BHK, recovery and decreases infarct size in
PC-12 cells, experimental animals
CN
MCAO
Expression of miR-107 is upregulated in
SDR
plasma and brain after MCAO, which
downregulates GLT-1 and leads to glutamate
↓O2
NG108-15 accumulation and excitotoxicity
cell
MCAO
Downregulation of miR-134 reduces neuronal
C57BL/6
cell death via increase in protective heat shock
J, OGD
protein HSPA12
CN
MCAO
miR-137 is downregulated in brain after stroke
SDR,
as well as after mild stress, a model of
HEK-293
depression in rats. Upregulation of miR-137
levels restored behavioural changes, probably
partially via targeting Grin2A, a component of
NMDA receptor
MCAO
Intracerebroventricular pretreatment with
CB57/B6
miR-200c antagomir results in decreased
H2O2 exp., infarct size and neurological deﬁcit, partly by
N2A cells targeting Reelin, protein known to be involved
in neurodevelopment
MCAO,
miR-376-5p is downregulated after stroke and
HUVEC
it alters angiogenesis via affecting VEGF/Notch
signalling in a HIF1α dependent manner
C57BL/6
miR-424 is decreased after stroke. Pretreatment
J, murine
and post-treatment of MCAO animals with
BV2
miR-424 mimic resulted in decrease in cerebral
microglial infarction and brain edema probably via
cells
affecting microglia activation and cell cycle
progression
MCAO,
miR-424 levels increased at 1 and 4 h and
C57BL/6
decreased 24 h after ischemia in peri-infarct
J, CN
cortex. By affecting levels of antioxidative
enzymes, miR-424 overexpression caused
protection from oxidative stress which resulted
in reduced neuronal cell death

References
[101]

[102]

[103]

[104, 105]

[106]

[107]

[108]

[109]

[110]

MCAO middle cerebral artery occlusion, OGD oxygen-glucose deprivation, HEK human embryonic kidney cells, NC neural cells, NBLC neuroblastoma cells, CN (primary) cortical neurons, SDR
Sprague-Dawley Rats, SHR spontaneously hypertensive rats, PTEN phosphatase and tensin homolog, NCX sodium-calcium exchanger, GLT-1 Glial Glutamate Transporter 1, HSPA12 heat shock
protein A12, Grin2A glutamate receptor subunit epsilon-1, HIF1α Hypoxia-inducible factors 1α,
CDK6 cyclin dependent kinase 6, CDC25A cell division cycle 25A, CCND1 cyclin D1, Nrf2
nuclear factor erythroid 2-related factor
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represents one of the most abundant miRNA families in the brain, where it fulﬁls
crucial roles in neurogenesis and differentiation, as recently reviewed [80].
In the pathophysiology of stroke, let-7 may be involved in neurogenesis [111],
angiogenesis and inﬂammation. It is one of the miRNAs transferred via exosomes
affecting the gene expression of recipient cells in the atherosclerosis process [112,
113]. Expression of let-7 family members was repeatedly shown to be downregulated in above-mentioned proﬁling studies [68, 69, 71], and speciﬁc blockade of
let-7f using antagomir led to increased neuroprotection in the rat model via affecting the insulin like growth factor (IGF-1) signalling pathway [81]. It can be hypothesized that a downregulation of let-7 family members after the stroke leads to
activation of neuroprotective mechanisms mediated at least partly by the IGF-1
signalling.

miR-21
In animal brains, miR-21expression has been reported in proﬁling studies as
increased [69, 77] and being even more dominantly increased in small artery stroke
patients [77]. miR-21 is generally known to be involved in ischemia and hypoxia
related processes and also has a strong antiapoptotic effect [114].
In the study by Buller and colleagues, expression of miR-21 has been observed
to be signiﬁcantly increased in ischemic boundary zone as compared to contralateral neurons in the MCAO animal model. However, in OGD cultured cortical neurons, no such upregulation of miR-21 has occurred [82]. On the other hand, when
miR-21 was introduced to the OGD-cells, much better survival due to decreased
apoptosis via downregulation of Fas-Ligand has been proven [82]. In accordance
with this, reoxygenation of the N2A cells after OGD increased miR-21 levels and
also promoted N2A cells survival [83].
Taking into account that miR-21 is known to be involved not only in cerebral,
but also in myocardial ischemia, where it was shown to be produced by ﬁbroblasts
in the site of infarction having antiapoptotic effect on surrounding cardiomyocytes
[115], strategies leading to increased miR-21 expression may potentially serve as
novel future therapeutic strategies in ischemic stroke.

miR-29 Family
miR-29 family is represented by four members: miR-29a, -29b-1, -29b-2 and 29c.
With many potential targets of all family members, there is still a controversy,
whether miR-29 is pro-survival or pro-apoptotic since the upregulation of miR-29b
has been recognized as a neuronal survival factor interfering with apoptosis by
affecting Bcl-2 and BH3 pathways [84, 116], while the downregulation of miR-29
protects hearts against ischemia-reperfusion injury [117]. Luciferase target assays
have indicated that miR-29 family members target both pro- and anti-apoptotic
Bcl-2 family members, and thus it is necessary to evaluate this miRNA family functions in the context of disease and model chosen in particular studies [117].
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Focusing more on stroke, both the downregulation [85, 87, 116] and upregulation
[86, 88] of miR-29 family members have been observed in animal MCAO models
with various interpretation of observed ﬁndings. Khanna et al. and Pandi et al.
reported miR-29b and miR-29c downregulated in ischemic area. This loss of miR29b/c participated on ischemic brain damage and can be prevented by oral administration of α-tocotrienol or by re-induction of both mentioned miRNAs in the
brain—all these actions resulted in decreased volume of infarct and promoted cell
survival. Conversely, recently Huang et al. reported the downregulation of miR-29c
after the fastigial nucleus stimulation, which is known to be neuroprotective and
indeed, overexpression of miR-29c resulted in increased infarct volume and poor
neurological outcomes [87]. In accordance with Huang et al., results of Shi et al.
showed that miR-29b was upregulated after ischemic event and promoted neuronal
cell death by targeting Bcl2L2 [86].
Slightly different approach was chosen by Dhiraj et al. [88], whose group decided
to study miRNA expression in salvageable tissue called penumbra. After the three
vessel occlusion followed by 24 h of reperfusion, unilateral hemispheric lesion was
induced and comparison of miRNAs expressed in brain ischemic cells and cultivated neuronal cells has been performed. The miR-29b-2, miR-19b, miR-339-5p
and miR-341 were found to be dysregulated in both models of ischemic damage
suggesting their possible participation in the regulation of gene expression in salvageable ischemic penumbra. The authors suggested also above-mentioned Bcl-2
targeting as one of potential mechanisms [88].

miR-124
miR-124 is almost exclusivelyexpressed in the central nervous system and participates in the regulation of neuronal differentiation and adult neurogenesis [118],
which makes this miRNA to be referred as “brain-speciﬁc miRNA” [119]. Already
in 2009 Laterza et al. showed that brain injury (induced by MCAO) caused miR124 upregulation in plasma, similarly to elevation of miR-122 after liver injury and
miR-133 after muscle injury [119] and suggested this miRNA as possible tissuespeciﬁc biomarker. Similarly, Weng et al. using the expression proﬁling of 671 miRNAs in various tissues (brain, heart, lung, liver, kidney, colon, skin, skeletal muscle
and pancreas) conﬁrmed miR-124 to be preferentially expressed in the nervous system, especially in the cerebellum, cerebrum and occipital and temporal lobes, and
to be present in serum 6 and 48 h after the MCAO in rats [72]. Later on, elevation
of circulating miR-124 was also conﬁrmed in the proﬁling study by Jeyaseelan and
colleagues [69]. Moreover, they reported the visinin like 1 protein (VSNL1), a neuronal calcium sensor abundantly expressed in the central nervous system as the
miR-124 target in animal stroke model [69]. Nowadays, VSNL1 is a protein studied
as a potent biomarker of various dementias [120] and also miR-124 is supposed to
be involved in pathophysiology of dementia by targeting β-site APP cleaving
enzyme 1 (BACE1) [121]. Studies of post-stroke related neuronal damage, poststroke cognitive decline and dementia development should deﬁnitely focus on this
possible interconnection. Concerning miR-124, other numerous functions within
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the brain tissue, several other targets and pathways have already been identiﬁed and
are summarized in Table 9.1.
Interestingly, results concerning the miR-124 up- or downregulation after ischemic insult are contradictory, which is to our opinion caused by differences among
individual studies concerning sample size, MCAO induction technique, sample collection, RNA isolation, choice of internal control and other aspects.
There are two studies reporting miR-124 downregulation after stroke in animal
model of MCAO. Zhu et al. reported Ku70 (DNA repair protein), upregulation after
MCAO and this upregulation may further be induced via the antagomir-124 application prior to the MCAO resulting in decreased volume of infarction [89]. A slightly
different study was performed by Liu and colleagues, where the authors reported
miR-124 downregulation 7 days after the MCAO. This was correlated with neuronal progenitor cells proliferation. Artiﬁcial administration of miR-124 caused
decrease in progenitor cells proliferation and increase in their differentiation, thus
also promoting global damage to the brain [90]. Thus, both of these studies have
suggested miR-124 downregulation as a protective mechanism for brain tissue
repair after stroke.
However, in two other studies, similar properties of miR-124 upregulation, i.e.
preventing tissue-injury, were described [91, 92]. In the ﬁrst study mentioned, miR124 upregulation after both OGD and MCAO in cell-line and animals, respectively,
were conﬁrmed and this prevented neuronal apoptosis. Authors revealed Ups14,
(de)ubiquitination-related protein, as a target of miR-124 and revealed that via
Ups14 targeting, miR-124 indirectly increases levels of RE1 silencing transcription
factor (REST), which upregulation was reported in neurons destined to death [91].
Thus, miR-124 application led to decreased infarct volume size and also to decreased
functional impairment, determined by the Rotarod test, tight rope test and modiﬁed
Morris maze test. In the latter study, miR-124 upregulation in ischemic penumbra
was reported and functional studies using miR-124 knockdown/increase led to
infarct volume size increase/reduction, respectively. Similarly, in the primary cortical neurons, OGD caused miR-124 upregulation and miR-124 agomir and antagomir
delivery reduced or promoted cell death. These effects of miR-124 are probably
mediated via Bcl-2 and Bcl-xl pathways [92].
Most recently Liu and colleagues elegantly demonstrated that miR-124 upregulation in infarcted area caused the downregulation of inhibitory member of the
apoptosis-stimulating proteins of p53 family (iASPP), and thus affecting the
p53-mediated neuronal cell death [93]. Compared to the aforementioned studies
by Doeppner and colleagues and Sun and colleagues, who reported upregulation
of miR-124, this is not beneﬁcial for neuronal cells—blockage of miR-124 with
speciﬁc antagomir caused upregulation of iASPP and this resulted in reduced
infarct size and reduced neuronal cell death.
It can be concluded that miR-124 is brain-speciﬁc microRNA with plentiful roles
in the regulation of neuronal cell death, apoptosis and proliferation. Since the results
of so far conducted studies are contradictory, more studies are needed to conﬁrm the
exact roles of miR-124.
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miR-145
miR-145 should be brieﬂy mentioned also in the stroke ﬁeld, even though it is much
more connected with the vessel biology. miR-143/145 cluster is involved in the
function of ECs and VSMCs; however, its levels have been reported to be upregulated in brain tissue after ischemic insult [67]. Using bioinformatics prediction,
superoxide dismutase 2 (SOD2) was revealed as miR-145 target and application of
antagomir against miR-145 led to SOD2 increase, however, without any signiﬁcant
increase in the neuroprotection [67]. Recently, miR-145 was shown to be connected
to microglia function and being identiﬁed as one of the p53 targets during ROS
exposition [122]. Since oxidative stress is connected with reperfusion injury, potential roles for miR-145 in oxidative stress control, exceeding its known roles in vessel biology, may come up in the future.

miR-181 Family
miR-181 family represents a highly conserved group of miRNAs that consists of
four members named consecutively miR-181a, -181b, -181c and 181d, and that is
highly expressed in mammalian brain [123]. Main roles of this miRNA family was
reported in the hematopoiesis and inﬂammation [124]; however, from the molecular
point of view, miR-181 family targets multiple mRNAs of proteins involved in
apoptosis (e.g. Bcl-2 family of antiapoptotic proteins [125]) or in tissue protection
(e.g. protective proteins of endoplasmatic reticulum or heat shock proteins [94,
126]). Ouyang and colleagues focused repeatedly on various aspects of miR-181
functions in the context of cerebral ischemia concerning regulation of oxidative
stress or functions of molecular chaperons [126, 127]. In their very ﬁrst study, they
identiﬁed miR-181a to be upregulated in ischemic core and conversely downregulated in the surrounding penumbra corresponding with the potential of the cells to
die in core and survive in penumbra [94]. Accordingly, supplementation or inhibition of miR-181 in cultured astrocytes increased and reduced astrocytes cell death,
respectively, similarly to effects observed in vivo. One of the targets found to be
responsible for observed effect was GRP78, one of the well-known heat shock proteins—if GRP78 levels were maintained stable, miR-181a administration did not
promote the cell death [94]. Concerning further delayed neuronal cell death, miR181 was shown to indirectly regulate the glutamate transporter (GLT-1), which
induction is known to prevent the brain from excitotoxicity induced by neurotransmitter glutamate [128].
In agreement with the previous studies, application of miR-181a mimics prior
[95] or after [97] the ischemic insult resulted in neuroprotection. Especially the study
by Xu and collaborators has shown a great potential of miR-181 application. Since
in the clinical practice, clinicians are typically faced with patients after the onset of
stroke with no possibility to pretreat them. Xu and colleagues applied miR-181
antagomirs either intravenously (1 h after the MCAO) or intracerebroventricularly
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(2 h after the MCAO) and interestingly both ways of application have shown reduced
infarction volume (at about one third at 48 h after reperfusion). Neurologic deﬁcit
was assessed by the Rotarod test and was signiﬁcantly improved as well as the overall 4-weeks survival (90 % versus 72 % in sham) and neurobehavioural recovery. In
conclusion, miR-181 antagomir treatment showed great promises for the future therapeutic applications in the early post-stroke treatment.

miR-210
miR-210, a master hypoxia-miR, represents a hypoxia-induced and anti-apoptotic
miRNA with approximately 35 speciﬁc transcripts as its direct or indirect targets
[129]. Its overexpression in normoxic human endothelial cells stimulates formation
of capillary-like structures, and increases cells migration and differentiation [130].
Consistent with the reported induction under hypoxic conditions via HIF-dependent
and independent pathways [129], miR-210 expression was reported to be higher in
ischemic brain, where it plays many protective roles against ischemia induced
injury [98, 99]. In the setting of cerebral ischemia in rat or mice, increase in miR210 by lentiviral vector led to increased number of new vessels [99] and progenitor
cells in subventricular zone [98], thus resulting in increased angio- and neurogenesis, and preventing mice from ischemia-induced injury. To sum up miR-210 represents another promising target for stroke therapeutics.

miR-223
From the more deeply studied miRNAs, as the last one miR-223 will be mentioned.
Together with miR-130a and miR-320, this miRNA was reported to target aquaporin genes, especially aquaporin 4 that is typically expressed in the brain [131]. miR320a was shown to directly affect the expression of aquaporin 4 and aquaporin 1.
Blockade of miR-320a with antagomir led to increase in the aquaporin expression
and reduction of infarct volume [131]. Similar results were obtained with the use of
antagomir-130a. Reduction in infarct size and increased neuronal recovery were
observed after the application [132].
miR-223 is of further interest, since except of its proved aquaporin targeting
[69], it was also reported as a platelet-secreted [133] and lipoprotein particletransferred [134] miRNA, playing one of the central roles in the cholesterol metabolism [135]. Similarly to miR-181 mentioned above and miR-107 mentioned further,
miR-223 also has a potential to protect brain from glutamate excitotoxicity by targeting the glutamate receptor subunits GluR2 and NR2B [100]. Moreover, in the
study by Duan et al. it was observed that miR-223 levels were lower in patients with
diabetes mellitus, which promoted platelet activation and increased the risk of
stroke development in DM patients [136].
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Other miRNAs in Ischemic Stroke
From the proﬁling studies mentioned at the beginning of the chapter it is obvious,
that more miRNAs are involved in the pathophysiology of acute stroke than those
described above. However, information regarding their function still need to be
determined or is of a limited extent, thus we provide only basic information regarding their pathophysiologic, diagnostic or therapeutic potentials.
Due to its involvement in general cellular processes, miR-17-92 cluster has been
described to be involved in the pathophysiology of almost any disease [137], including stroke [101]. In the subventricular zone of animals after MCAO, miR-17-92
cluster levels were increased and this, via targeting of PTEN, increased a proliferative capacity of neural progenitor cells, as conﬁrmed also in vitro.
Following the numerical order, other miRNA involved in stroke is miR-103. It is
responsible for a regulation of Na+–Ca2+ exchanger (NCX). Its downregulation by a
speciﬁc antagomir reduced brain damage and neurological deﬁcit in experimental
animals [102]. Like above-mentioned miR-181 family, also other miRNAs were
shown to affect the glutamate signalling (particularly miR-107 [103]) or target heatshock proteins (particularly HSPA12), e.g. miR-134 [104, 105]. Another miRNA
recently described to promote stroke damage is miR-200c. Its blockade increased
levels of Reelin, thus promoting neuronal migration and synaptogenesis, resulting
in neuroprotection [107]. Concerning angiogenesis, similar effects to miR-210 were
observed in miR-376-5p. This miRNA affects the VEGF/Notch signalling modulating angiogenesis as well [108].
Last but not the least, miR-424 was shown to be downregulated in brain tissue
within the proﬁling studies [69] and it was also shown to be downregulated in
peripheral leukocytes in patients after stroke [109, 110]. Restoration of miR-424
activity led to decrease in infarct volume and neuronal cell death, which was associated with decreased microglia activation [109] and reduced oxidative stress [110].

Candidate microRNAs as Biomarkers of Acute Stroke
Using animal models, elevation of serum miR-124 was reported in two independent
studies and this upregulation was consistent for at least 48 h after stroke induction
[72, 119], which would make miR-124 as a potential stroke biomarker. However, no
correlations with outcome of experimental animals or infarct size were observed
[72, 119]. Interestingly, in human studies, levels of miR-124 were reported both to
be upregulated [138] and downregulated [139] after acute stroke. In the study by
Leung et al., upregulation of miR-124 was prominent only in the early phase (below
6 h). In the further sampling, levels of miR-124 were signiﬁcantly lower compared
to acute phase [138]. Leung et al. moreover showed that miR-124 levels were higher
in patients with haemorrhagic stroke compared to ischemic stroke only [138]. In
another study by Liu et al., miR-124 levels were downregulated and they negatively
correlated with infarct volume, CRP levels and levels of matrix metalloproteinase 9
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(MMP9), thus somehow reﬂecting damage of neural tissue and inﬂammatory activity. However, no correlation with stroke severity deﬁned by NIHSS was observed
[139]. Similar properties were observed also for another neuri-miR, miR-9. The true
diagnostic potential of miR-124, although being termed as brain speciﬁc, needs to
be determined in larger multicentric studies since the results of currently conducted
studies are contradictory.
Leaving miR-124 and moving further with human studies, let-7, miR-21, miR30a and miR-126, miR-221 levels were studied as potential diagnostic and prognostic biomarkers.
Concerning let-7, miR-30a and miR-126, altogether 247 patients at different
time points after stroke (in the acute phase within 24 h, in the subacute phase within
1 week and in the chronic phases within 48 weeks after stroke) were enrolled. It was
observed that let-7 levels were decreased after stroke with a slow restitution after
the 24th week. Interestingly, levels of let-7 were more profoundly decreased in
patients with stroke of atherosclerotic aetiology [140]. Cut-off value for the let-7
was calculated to 1.675 at 24 h with the sensitivity 92 % and speciﬁcity 84 %.
Another larger study was performed in 233 patients (partly patients with ischemic stroke and partly patients with carotid atherosclerosis without ischemic stroke)
and 157 controls focusing on miR-21, miR-221 and miR-145 levels in the serum
after ischemic stroke [50]. miR-21 and miR-221 showed opposite trends, i.e. miR21 being upregulated and miR-221 being downregulated in patients compared to the
controls. Concerning miR-145, its levels were not detected in more than 50 % of
study subjects and its potential for stroke diagnosis is thus not very promising [50].
However, if the whole blood RNA was isolated, miR-145 levels were shown to be
upregulated after ischemic stroke in a smaller study by Gan et al. [49] and also in
the proﬁling study performed by Sepramaniam et al. [74]. Gan et al. moreover suggested increase in miR-145 to be predictive for better outcome, due to miR-145
targeting of KLF-4/5 and its effect on reendothelization [49].
Promising results were observed for miR-210, previously mentioned as hypoxiamiR, which levels were reported to be downregulated in peripheral blood leukocytes in patients after stroke. Decrease in miR-210 levels in these patients was
continuous and deepened within 2 weeks from stroke onset [141]. Moreover, after
the correlation with NIHSS and mRS, patients with higher miR-210 levels had better prognosis, compared to patients with the lowest miR-210 expression. Zeng et al.
further determined miR-210 peripheral blood mononuclear cells (PBMC) levels
together with the levels of other potential biomarkers, including various cytokines
(e.g. IFNγ, IL-1, IL-6, TNFα and others) and haemostatic markers (ﬁbrin and its
degradation products FDP, D-dimers, etc.). Combination of miR-210, FDP and IL-6
had even higher sensitivity and speciﬁcity for stroke outcome prediction (deﬁned by
mRS after 3 months) compared to the use of individual markers alone [142].
Last but not the least, also miR-223 was suggested as a potential biomarker of
acute stroke [143]. After dissociation of erythrocytes, RNA was isolated from the
remaining cells and miR-223 levels were determined to be increased after stroke
with more prominent increase in large and small vessel stroke subtypes. Moreover,
a negative correlation with NIHSS (and in animal part of the study with infarct size)
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and a positive correlation with circulating IGF-1, one of miR-223 targets, were
observed. Due to its pleiotropic effect, miR-223 speciﬁcity for stroke needs to be
tested in other consecutive studies.
Recently, Kim et al. focused on atherosclerosis related miRNAs in the diagnostics of acute stroke. They revealed that miR-126 levels correlated with brain atherosclerotic damage and that levels of miR-17 were increased after acute stroke
being also predictive of early stroke recurrence (within the study period, thus
probably 1 year—only abstract was available to authors during the manuscript
preparation [66]).

Future Directions
In conclusion we would like to point out the tremendous development and progress
that has been done regarding the roles of miRNAs in ischemic stroke. Studies above
are deﬁnitely informative about the involvement of miRNAs in the stroke pathophysiology and also about their potential clinical utilities as diagnostic, prognostic
and even therapeutic tools.
For future research, it is needed to deﬁne the standardized protocols of miRNAs
detection, extraction and isolation. Current studies differ and vary a lot in the source
of miRNAs—in animal studies, sometimes ischemic core and sometimes penumbra
have been used and this has not been quite often precisely speciﬁed; in the human
studies, miRNA source ranged from the whole blood through plasma or sera to the
isolated cells only. Also, various internal controls are used, sometimes using additive cel-miR-39, sometimes using miR-16 or another deﬁned ubiquitous
miRNA. Universal internal control should soon be established to normalize the data
from various studies and obtain clearer and more normalized results. Also the need
of multicentric studies employing more than 300 subjects is anticipated and this
inquires speciﬁc needs of proper and universal sample storage protocols.
Last but not the least, the miRNA potential in stroke therapy should be further
investigated and focused not only on effects of injected ago- or antagomiRs, but
also determining potential side effects, mechanisms of uptake and elimination.
Also, the ways of application should be precisely deﬁned in order to increase speciﬁc targeting of brain tissue.

Intracranial Aneurysms
Epidemiology of Intracranial Aneurysms
Intracranial aneurysms represent acquired lesions of cerebral arterial wall occurring
in 0.5–3 % of general population and accounting for 80–85 % of non-traumatic
sucharachnoid haemorrhages (i.e. bleeding into sucharachnoid space).
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These saccular-shaped lesions are typically localized in proximal arterial
bifurcations. Typical anatomical localizations are as follows: internal carotid artery
(ICA), anterior communicating artery (ACom), middle cerebral artery (MCA), tip
of basilar artery (BA) and arteries of the cerebellum.
Risk factors associated with higher occurrence include higher age, female sex,
cigarette smoking, hypertension and genetic predisposition (e.g. autosomal dominant polycystic kidney disease, Marfan’s syndrome, Ehlers-Danlos syndrome type
IV) [144–147].
Clinicians are faced with a decision regarding an optimal management of intracranial aneurysms; however, there are still many unsolved controversies regarding
the risk of rupture and treatment of smaller asymptomatic aneurysms due to lack of
randomized control trials. Decisions are thus made regarding patient history data,
size and location of aneurysm/s, expert opinion and guidelines.
On the one hand, the particular effect of aneurysms growth on subsequent risk of
rupture is not determined; on the other hand, patients with obvious enlargement
should be strongly considered for interventional treatment (endovascular coiling or
neurosurgical clipping, Fig. 9.3 [148]).
For those treated conservatively, proper management of hypertension, smoking
cessation and repeat CT angiography or MR angiography are strongly recommended (Fig. 9.4) [144].
Biomarkers predicting the clinical course of intracranial aneurysm are still lacking. As long as miRNAs represent potential biomarkers sensitively reﬂecting the
diseases state, maybe their potential role in the monitoring of aneurysms will come
up in the near future.

microRNA Profiling Studies and Aneurysms
Animal Studies
Up to date there is only one study using animal model performed by Lee et al. in
2013 [149]. Aneurysms formation was induced by ligation of the left common
carotid artery and the posterior branches of both renal arteries in Sprague-Dawley
rats. Biological sampling from aneurysms (dissected out of left posterior communicating artery) or from healthy arteries (dissected out of the circles of Willis) were
obtained and subsequent miRNA array proﬁling was done identifying 14 miRNAs
upregulated (miR-1, miR-21, miR-22-5p, miR-24-1-5p, miR-26b, miR-29a, miR29b, miR-29c, miR-101b, miR-140, miR-147, miR-181c, miR-223, miR-451) and
6 miRNAs downregulated (miR-92b, miR-138, miR-181d, miR-433, miR-489,
miR-551b) in aneurysmatic vessels. Detected miRNAs are known to be involved in
inﬂammation, apoptosis or angiogenesis and more detailed studies are deﬁnitely
needed to validate the proﬁling results and to better understand the intracranial
aneurysms development.
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Fig. 9.3 Endovascular coiling of ruptured anterior communicating artery aneurysm, digital subtraction angiography images (DSA images). Seventy-ﬁve-year-old female with a ruptured aneurysm as a source of sucharachnoid haemorrhage indicated for interventional treatment. (top)
Subtracted right internal carotid artery angiograms in antero-posterior (top left) and lateral (top
right) view showing aneurysm (open arrow) of the anterior communicating artery of size 12 × 6 mm
(bottom). Final control series after the endovascular coiling showing almost total obliteration of
the aneurysmal sac. A1 A1 segment of the anterior cerebral artery, ACA A2 and A3 segments of the
anterior cerebral artery, ACom anterior communicating artery, ICA internal carotid artery, MCA
middle cerebral artery

Human Studies
Unlike in the case of stroke in human studies biological material other than bodily
ﬂuids can be collected when the intracranial aneurysms (IAs) are surgically treated.
So far, there were two proﬁling studies using tissue obtained from patients during
the surgery and two studies focusing on detection of intracranial aneurysms using
circulating microRNAs.
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Fig. 9.4 Management of residual aneurysm sac after endovascular coiling. Forty-two-year-old
female with anterior communicating artery aneurysm indicated for endovascular coiling. A tiny
residual aneurysm was revealed on MRI control scanning 6 months after the procedure (conservative approach with regular MRI controls was recommended). (top left) CT angiography showing
the aneurysm (open arrow) of the right anterior communicating artery (top right) MR angiography
revealing a residual ﬁlling of the aneurysm (open arrow), size of 2 mm (bottom) MRA angiography reconstruction of the circle of Willis. A1 A1 segment of the anterior cerebral artery, A2 A2
segment of the anterior cerebral artery, ICA internal carotid artery, MCA middle cerebral artery

In the study by Jiang et al. (2013) microarray analysing of full-thickness vessel
wall samples from 14 ruptured IA patients and 14 controls was made. Thirty differentially expressed miRNAs were found to be dysregulated and 18 miRNAs
were found to be signiﬁcantly different between IAs and control group (miR-1,
miR-7-1-3p, miR-23b-3p, miR-24-1-5p, miR-28-5p, miR-28-3p, miR-29b-2-5p,
miR-29c-5p, miR-29c-3p, miR-133a, miR-133b, miR-140-3p, miR-143-5p, miR143-3p, miR-145-5p, miR-145-3p, miR-455-5p) [150]. One year later, Liu et al.
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screened IA samples and found 157 differentially expressed (72 upregulated and
85 downregulated) miRNAs. Out of these, let-7a, miR-1, miR-30c and miR-101
were shown to be involved in the regulation of programmed cell death, extracellular matrix organization response to oxidative stress, TGF-β signalling pathway
and smooth muscle proliferation [151].
Proﬁling studies focusing on circulating miRNAs were performed by Jin et al. in
2013 [152] and Lie et al. in 2014 [153]. In the study by Jin et al., blood samples of
24 IA patients were analysed. Patients were divided into four groups according to
aneurysm characteristics (including aneurysms with/without daughter aneurysm,
ruptured aneurysms and angiography-negative group). Aneurysms were located in
the ophthalmic artery, basilar artery, posterior communicating artery and internal
carotid artery. Altogether 86 miRNAs (69 upregulated, 17 downregulated) were
identiﬁed by microarray study. In the larger study by Li et al., authors included 40
IA patients (20 with ruptured IA and 20 with unruptured IA) and 20 healthy volunteers (having neurological symptoms, such as headache, indicated for digital subtraction angiography) [153]. One hundred nineteen miRNAs were signiﬁcantly
changed in patients with unruptured aneurysms and 23 miRNAs in patients with
ruptured aneurysms (20 of them in both ruptured and unruptured patients). miR-16
and miR-25 were studied in more detail, because these miRNAs were the most
abundant in plasma. Using logistic regression, authors proved hypertension and levels of these two miRNAs, as independent predictors for the presence of IAs.

Candidate miRNA Studies and Intracranial Aneurysms
miR-21
miR-21, as described in previous chapters dealing with stroke, has very important
roles in hypoxia, apoptosis and tumorigenesis. Role in the aneurysm formation was
suggested in 2012 in the study by Maegdefessel et al.—authors showed increased
miR-21 expression in the developed abdominal aortic aneurysm and this upregulation seemed to be protective since miR-21 blockade caused aneurysm enlargement
[154]. Shortly after this pioneering attempt, potential roles of miR-21 were also
shown in IAs in proﬁling studies observing also increase in miR-21 levels suggesting
a potential regulatory role for miR-21 in controlling aneurysmal growth [153, 154].

miR-26
miR-26 is known to be involved in programmed cell death and response to oxidative
stress, TGF-β signalling pathway and importantly in smooth muscle cell proliferation—it is one of the miRNAs involved in the regulation of phenotypic switch of
VSMCs through Smad1 and Smad4 proteins [155]. Within the rat model of abdominal aortic aneurysm, levels of miR-26 were found to be decreased, suggesting a
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potential failure in the regulatory mechanism, since inhibition of miR-26 expression
should promote apoptosis and differentiation [155]. On the contrary, in proﬁling
studies both Lee et al. and Li et al. observed increased level of this miRNA in IA rats
and patients, respectively [149, 153]. Distinct roles of miR-26 in aneurysm formation thus still needs to be clariﬁed.
miR-29 Family
All three members of miR-29 family (miR-29a, miR-29b and miR-29c, see above)
have been associated with aneurysm formation, as shown mostly on abdominal aortic aneurysms—miR-29 inhibition attenuated and miR-29 overexpression promoted
abdominal aneurysm formation in various animal models [156–158]. Concerning
IAs, contradictory results are currently present. While two proﬁling studies revealed
that levels of miR-29b are robustly downregulated in IA [150, 151], other two indicated miR-29 upregulation [149, 153]. Since miR-29 is known to be involved in the
formation of extracellular matrix and ﬁbrotic processes, its potential involvement in
aneurysm formation should be deﬁnitely studied into more detail [159].
miR-143 and miR-145
Considering miR-143/145 function in the VSMCs, it is not surprising that it has
been studied in the ﬁeld of intracranial aneurysms. In the proﬁling performed by
Jiang et al., miR-143/145 levels were found to be decreased [150]. Elia et al. further
focused on miR-143/145 functions in the development of IAs and also detected
downregulation of miR-143/145 levels [36]. Downregulation of this cluster is
known to promote VSMCs phenotypic switch to “proliferative” phenotype, which
may theoretically results in aneurysm formation, however, since the whole research
discovering the roles of miRNAs in IAs is at the beginning, more functional studies
are still needed to describe precise mechanism leading to IA formation.

Brain Arteriovenous Malformations
Epidemiology of Brain Arteriovenous Malformation
Brain arteriovenous malformations (AVM) represent a complex (nidus) of abnormal
arteries and veins that directly ﬁstualize without an intervening capillary bed
(Figs. 9.5 and 9.6). They differ in morphology, size, location, particular clinical
symptoms and risk of rupture (and subsequent intracranial bleeding). Narrow incidence is estimated to 1.12–1.42 cases per 100,000 person years.
The ﬁrst-ever haemorrhage at presentation range from 38 to 68 %. This clinical
symptom represents the most common one followed by seizures and/or headache.
Nevertheless, the AVMs natural history and risk of rupture is still largely unknown
[160–163].
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Fig. 9.5 Diagnostic imaging of brain arteriovenous malformations. (top left) CT angiography,
scan showing a hyperdense mass of enlarged feeding arteries (arrow head) supplying the nidus
(open white arrow) (top right) MRI, T2 weight image. The nidus appears on the scan as a hypointense mass with a feeding artery (bottom left) MR angiography, scan demonstrating a residual
ﬁlling (open black arrow pointing to the hyperintense area) of the nidus after endovascular embolization of AVM (hypointense region marked with white open arrow) (bottom right) Digital subtraction angiogram demonstrates a blood supply (feeding arteries) of the AVM (open white arrow)
from branches of the middle cerebral artery (arrowheads)

AVM rupture and subsequent intraparenchymal bleeding account for the most
devastating complications with overall annual rate of haemorrhage for non-treated
malformations 2.1–4.1 %. Based on several multivariate analyses, the nidus size
(large nidus is more predictive of increased risk for future bleeding and re-bleeding),
deep brain location and deep vein drainage were determined to be signiﬁcant in risk
for spontaneous haemorrhage [164–166].
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Fig. 9.6 Arteriovenous malformation on digital subtraction angiography (DSA). DSA represents
a gold standard in a diagnostic management of AVM. It is widely used to delineate location, number of feeding vessels and pattern of drainage. AVM on the angiogram appears as a packed mass
of enlarged feeding arteries (white arrow heads) that supply the central nidus (open arrow). Scans
present a 19-year-old patient with AVM in the parieto-occipital region. The nidus is fed by vessels
from carotid artery and vertebrobasilar circulation. Dilated veins (black arrow heads) drain the
nidus into the superior sagittal sinus and transverse sinus. Abnormal venous opaciﬁcation in arterial phase of DSA represents evidence for pathological shunting; (left) Lateral view of the AVM
showing feeding arteries arising from branches of the middle cerebral artery (anterior circulation);
(middle) Lateral view showing draining veins into the superior sagittal and transverse sinus; (right)
Anteroposterior view showing feeding arteries arising from the posterior cerebral artery (vertebrobasilar circulation). ACA anterior cerebral artery, BA basilar artery, ICA internal carotid artery,
PCA posterior cerebral artery, TR transverse sinus, SAG superior sagittal sinus, SIG sigmoid sinus

Studies regarding angio-architecture features (regarding muscular and elastic
laminae and presence of intervening brain parenchyma), risk of rupture and AVM
evolution are needed in order to help clinicians in treatment decision-making and
management.

miR-18a and Cerebral AVMS
Information regarding the role of miRNAs in AVMs are limited to miR-17-92 cluster and out of this cluster almost entirely on miR-18a. As mentioned before, miR17-92 cluster is known to play multiple functions in almost any tissue [137].
miR-18a represents an important member of miR-17-92 cluster which is involved in
the regulation of angiogenesis. Antiangiogenic activity in AVM progression was
particularly inﬂuenced by miR-18a (together with miR-17, miR-19a and miR-20a).
Overexpression of miR-18a and miR-19a regulated the levels of thrombospondin 1
and the connective tissue growth factor (CTGF) [24, 167, 168].
Furthermore, in 2013 Ferreira et al. used AVM samples from six patients in order
to determine the effect of miR-18a introduction on AVM-derived brain endothelial
cells (AVM-BECs). miR-18a introduction led to increase in TSP-1 and decrease in
inhibitor of DNA-binding protein 1, which resulted into better AVM-BECs function
suggesting miR-18a supplementation as a potential AVM treatment [168].
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Conclusions
Determining the roles of microRNAs in cerebrovascular diseases is still at its
beginning; however, much progress in the ﬁeld has already been done and much
progress is yet to be expected. Better understanding of the post-transcriptional regulation of gene expression in endothelial cells, vascular smooth muscle cells, ﬁbroblasts or even neurons or glia may direct further research and development of new
drugs based on RNA interference for the treatment of atherosclerosis, stroke or its
complications. Studies focusing on circulating miRNAs may reveal new and unexpected communication pathways among individual tissues and these ﬁndings may
represent a potential source of new biomarkers, reﬂecting organ damage, or being
predictive of the response to therapy or patients prognosis. We can deﬁnitely sum up
that miRNA research hold great promises for the future therapeutics, diagnostics
and for promotion of personalized medicine.
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Chapter 10

microRNAs and Cardiovascular Remodeling
Koh Ono

Abstract Heart failure (HF) is associated with signiﬁcant morbidity and mortality
attributable largely to structural changes in the heart and with associated cardiac
dysfunction. Remodeling is deﬁned as alteration of the mass, dimensions, or shape
of the heart (termed cardiac or ventricular remodeling) and vessels (vascular remodeling) in response to hemodynamic load and/or cardiovascular injury in association
with neurohormonal activation. Remodeling may be described as physiologic or
pathologic; alternatively, remodeling may be classiﬁed as adaptive or maladaptive.
The importance of remodeling as a pathogenic mechanism has been controversial
because factors leading to remodeling as well as the remodeling itself may be major
determinants of patients’ prognosis. The basic mechanisms of cardiovascular
remodeling, and especially the roles of microRNAs in HF progression and vascular
diseases, will be reviewed here.
Keywords Hypertrophy • Ischemia • Fibrosis • Heart failure • Atherosclerosis

Introduction
Cardiovascular disease is the leading cause of morbidity and mortality in developed
countries. Cardiovascular remodeling is thought to be an important aspect of disease progression in heart failure (HF), regardless of cause. It is manifested clinically
by changes in cardiac size, shape, and function in response to aging, cardiac injury,
or increased load. The importance of remodeling as a pathogenic mechanism is not
completely understood because the factors leading to remodeling have not been
fully investigated. Generally, pathological processes of the heart are associated with
an altered expression proﬁle of genes that are important for cardiac function
(Fig. 10.1) [1].
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• Cardiomyocyte death
• Electrical and mechanical dysfunction
• Defective b-adrenergic signaling

• Defective cAMP production
• Impaired Calcium handling
• Growth and survival pathway modulation
by miRNAs

Fig. 10.1 Pathological processes of the heart under stress

The regulation of cardiac gene expression is complex, with individual genes
controlled by multiple transcription factors associated with their regulatory
enhancer/promoter sequences to activate gene expression [2]. Moreover, epigenetic
regulation of gene expression and alternative splicing mechanisms also further
complicate the patterns of gene expression. microRNAs (miRNAs; miRs) have
reshaped our view of how gene expression is regulated by adding another layer of
regulation at the posttranscriptional level. Cardiovascular remodeling encompassed
many pathologies including cardiac hypertrophy, myocardial ischemia/myocardial
infarction (MI), cardiac ﬁbrosis, arrhythmia, and vascular diseases that will be discussed in more detail in the following sections (Fig. 10.2).
The implications of miRNA-derived regulation in cardiovascular pathology have
only been recognized very recently, and research on miRNAs in relation to such
diseases has now become a rapidly evolving ﬁeld. In this chapter, we will summarize the current understanding of miRNA function in the pathogenesis of cardiovascular remodeling.

Cardiac Hypertrophy
Left ventricular hypertrophy is a common ﬁnding in patients with hypertension and
it can be diagnosed either using an electrocardiogram or by echocardiography.
Because cardiac hypertrophy, an increase in heart size, is associated with nearly all
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Fig. 10.2 Dysregulated microRNAs in cardiovascular disease

forms of HF, it is of great clinical importance that we understand the mechanisms
responsible for cardiac hypertrophy. Therefore, the regulation of hypertrophyassociated genes has attracted great interest from many researchers.
Pathological hypertrophy is mainly caused by hypertension, loss of myocytes
following ischemic damage, and genetic alterations that cause cardiomyopathy.
Moreover, metabolic abnormality or neurohormonal activation can also lead to
hypertrophy [3]. Pathological hypertrophy is the phenotypic endpoint that has been
most studied in relation to miRNAs in the heart to date.
Clinical studies in human hearts have indicated that the fetal gene expression
program is reactivated in pathologic hypertrophy and failing hearts, which results in
a switching of structural proteins from adult to fetal isoforms [4]. It is well known
that there is a decrease in the fast-shortening-velocity isoform (α-myosin heavy
chain) coupled with an increase in the slow-shortening-velocity isoform (β-myosin
heavy chain [β-MHC]) during the transition from cardiac hypertrophy to HF [5].
This contributes to the decrease in contractile function in failing human hearts.
Interestingly, transcriptome analysis of failing and fetal hearts revealed a similar
pattern of miRNA expression. More than 80 % of the deregulated miRNAs in failing hearts displayed a similar expression pattern as in fetal hearts, suggesting that
reactivation of a fetal miRNA program may contribute to the gene expression pattern of failing hearts [6]. The most consistent changes were upregulation of miR-21,
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miR-29b, miR-129, miR-210, miR-211, miR-212, and miR-423, with downregulation of miR-30, miR-182, and miR-526. Interestingly, gene expression analysis revealed that most of the upregulated genes were characterized by the presence
of a signiﬁcant number of the predicted binding sites for downregulated miRNAs
and vice versa.
In animal models of cardiac hypertrophy, whole arrays of miRNAs have indicated that separate miRNAs are upregulated, downregulated, or remain unchanged
with respect to their levels in a normal heart [6–12]. In these studies, some miRNAs
have been more frequently reported than others, indicating the possibility that these
miRNAs might have common roles in hypertrophy pathogenesis.
Tissue-speciﬁc expression of miRNAs was ﬁrst reported in 2002 [13]. It is known
that there is a family of so-called myomiRs that are encoded within the introns of the
separate myosin heavy chain genes. miR-208a, miR-208b, and miR-499 are located
within the Myh6, Myh7, and Myh7b genes, respectively. It was reported that miR208−/− mice show reduced cardiac hypertrophy in response to pressure overload [14].
Targets of miR-208a include thyroid hormone receptor-associated protein 1 [14, 15],
suggesting that miR-208a initiates cardiomyocyte hypertrophy by regulating triiodothyronine-dependent repression of β-MHC expression. miR-27a also regulates
β-MHC gene expression by targeting TRβ1 in cardiomyocytes [16]. Overexpression
of miR-208a was sufﬁcient to upregulate Myh7 and to elicit cardiac hypertrophy,
resulting in systolic dysfunction [15]. Although miR-208a is required for cardiac
hypertrophy, the role of miR-208b in these pathologic conditions remains to be elucidated. miR-499 is encoded in an intron of the myh7 gene and is considered likely
to play a role in myosin gene regulation [17, 18].
miR-1 is also a cardiac and skeletal muscle-speciﬁc miRNA, and it is probably one
of the most abundant miRNAs in the heart. It was reported to target a cytoskeletal
regulatory protein, twinﬁlin 1 (Twf1), which binds to actin monomers and prevents
their assembly into ﬁlaments [19]. Downregulation of miR-1 induced by hypertrophic stimuli, such as transverse aortic constriction or α-adrenergic stimulation with
phenylephrine, results in increased Twf1 expression, and overexpression of Twf1 is
sufﬁcient to induce cardiac hypertrophy. Another target of miR-1 is insulin-like growth
factor (IGF-1), IGF-1 receptor [20], calmodulin 1 and 2, Mef2a [21], and sodium
calcium exchanger [22]. Repression of miR-1 and upregulation of IGF-1 was also
demonstrated in models of cardiac hypertrophy [20]. miR-1 is downregulated in patients
with aortic stenosis [11] and acromegaly associated cardiac hypertrophy [20].
miR-1 is encoded by two bicistronic clusters—miR-133a-1/miR-1-2 and miR133a-2/miR-1-1. As well as miR-1, miR-133 also has the potential to attenuate
agonist-induced hypertrophy [23, 24], whereas repression of miR-133 sensitized
the myocardium to excessive cardiac growth. Therefore, these clusters generate
antagonizing effects on the stimulation of cardiac hypertrophy.
In contrast, miR-195 was sufﬁcient to drive pathologic cardiac growth when
overexpressed in neonatal cardiac myocytes and in transgenic mice [7]. These
results suggested that miR-195 is a pro-hypertrophic factor that actively participates
in the hypertrophic process; however, no direct targets of miR-195 have been
reported in the context of cardiac hypertrophy.
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Myocardial Ischemia and Cell Death
A rapidly increasing number of studies have shown that cardiac and circulating miRNAs are markedly altered in myocardial ischemia or MI. These novel ﬁndings shed
new light on the mechanisms that lead to MI complications, post-MI ventricular
remodeling, and cardiac repair. Furthermore, recent studies showed that circulating
miRNAs may represent novel and sensitive biomarkers of MI and, possibly, also function as an intercellular signaling mechanism (see Chap. 7 of the volume “microRNA:
Basic Science” for a detailed discussion of miRNA and cardiac regeneration).
Cardiomyocyte death/apoptosis is a key cellular event in ischemic hearts. There
are miRNAs that have been shown to exert proapoptotic effects by targeting key
cardioprotective proteins. It was found that miR-320 expression was consistently
dysregulated in ischemic hearts [25]. Ren et al. identiﬁed heat-shock protein 20
(HSP20), a known cardioprotective protein, as a target of miR-320. Knockdown of
endogenous miR-320 provided protection against cardiomyocyte apoptosis through
the upregulation of HSP20. miR-34 family members promote growth arrest and
apoptosis [26]. Therapeutic inhibition of miR-34 attenuated ischemia-induced
remodeling and improved cardiac recovery [27]. One of the targets of miR-34 was
shown to be a protein phosphatase 1 nuclear targeting subunit (Pnuts) [28].
On the other hand, there are a number of miRNAs that exert an antiapoptotic
function by targeting important proapoptotic proteins. The miRNA expression signature in rat hearts at 6 h after MI revealed that miR-21 expression was signiﬁcantly
downregulated in infracted areas but was upregulated in border areas [29]. Adenoviral
transfer of miR-21 in vivo decreased cell apoptosis in the border and infracted areas
through its target gene, programmed cell death 4 (PDCD4), and the activator protein
1 (AP1) pathway. miR-24 also inhibited cardiomyocyte apoptosis via repression of
the proapoptotic protein Bim [30]. Ex vivo miR-24 enrichment, together with miR21 and miR-221, improved the therapeutic potential of cardiac progenitor cells upon
transplantation in ischemic rodents [31]. Similarly, miR-499 and miR-30 family
members diminished apoptosis in injured hearts by attenuating activation of dynamin-related protein-1 and thus inhibiting mitochondrial ﬁssion [32, 33].
Early reperfusion of the ischemic heart remains the most effective intervention
for improving clinical outcomes after a MI. However, abnormal increases in intracellular Ca2+ during myocardial reperfusion can cause cardiomyocyte death, known
as ischemia-reperfusion (I/R) injury. Cardiac I/R injury is also accompanied by
dynamic changes in the expression of miRNAs; for example, miR-214 is upregulated
during ischemic injury. Genetic deletion of miR-214 in mice caused a loss of cardiac
contractility, increased apoptosis, and excessive ﬁbrosis in response to I/R injury
[34]. The cardioprotective roles of miR-214 during I/R injury were attributed to
repression of the mRNA encoding sodium/calcium exchanger 1, a key regulator of
Ca2+ inﬂux; and to repression of several downstream effectors of Ca2+ signaling that
mediate cell death. These results suggested a pivotal role for miR-214 as a regulator
of cardiomyocyte Ca2+ homeostasis and survival during cardiac injury. Moreover,
CaMKIIδ is a shared target of both miR-214 and miR-145 [35]. miR-145 concomi-
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tantly protects cardiomyocytes from reactive oxygen species by targeting Bnip3
[36]. Boosting miR-214 and miR-145 levels to attenuate Ca2+ overload and cardiac
cell death may provide a valuable therapeutic beneﬁt for the treatment or prevention
of heart failure after I/R injury.
Recent studies have shown that some miRNAs are present in circulating blood
and that they are included in exosomes and microparticles [37, 38]. Recently, results
obtained in studies of cancer suggest that the proﬁles of blood circulating miRNAs
might reﬂect the changes observed in cancerous tissue [39]. This concept has also
proved valid in cardiovascular disease [40], and circulating speciﬁc miRNAs have
been reported in patients with MI [41, 42]. Moreover, plasma levels of endothelial
cell-enriched miRNAs, such as miR-126, miR-17, and miR-92a, inﬂammationassociated miR-155, and smooth muscle-enriched miR-145 were reported to be signiﬁcantly reduced in coronary artery disease (CAD) patients compared with healthy
controls. These results also indicated that they can be used as biomarker candidates
for CAD [43]. Therefore, the source and the mechanism of the change determined
the set of miRNAs that can be used for myocardial ischemia/MI.

Cardiac Fibrosis
Cardiac ﬁbrosis is a major aspect of myocardial remodeling and an important
contributor to the development of cardiac dysfunction in diverse pathologic conditions, such as MI, in ischemic, dilated, and hypertrophic cardiomyopathies, and HF
[44–49]. The extracellular deposition of collagen by ﬁbroblasts contributes to this
adverse remodeling. Cardiac ﬁbrosis leads to an increased mechanical stiffness,
initially causing diastolic dysfunction, and eventually resulting in systolic dysfunction and overt HF. In addition, ﬁbrosis can also disturb the electrical continuity
between cardiomyocytes, leading to conduction slowing and hence an increase in
the chance of arrhythmias. It is also possible that the enhanced diffusion distance for
cardiac substrates and oxygen to cardiac myocytes, caused by ﬁbrosis, negatively
inﬂuences the myocardial balance between energy demand and supply [46, 47].
miR-21 is expressed in all cell types of the cardiovascular system, most prominently in cardiac ﬁbroblasts but rather weakly in cardiomyocytes. Furthermore,
miR-21 is among the most strongly upregulated miRNAs in response to a variety of
forms of cardiac stress [7, 50, 51]. Thum et al. showed that miR-21 is upregulated
in cardiac ﬁbroblasts in the failing heart, where it represses the expression of
Sprouty homolog 1 (SPRY1), a negative regulator of the extracellular signalregulated kinase/mitogen-activated protein kinase (ERK-MAPK) signaling pathway [52]. Upregulation of miR-21 in response to cardiac injury was shown to
enhance ERK-MAPK signaling, leading to ﬁbroblast proliferation and ﬁbrosis.
Moreover, miR-21-dependent targeting of SPRY1 and PDCD4 was shown to promote the ﬁbroblastoid phenotype in epicardial-to-mesenchymal transition [53].
Phosphatase and tensin homologue (PTEN) has also been demonstrated to be a
direct target of miR-21 in cardiac ﬁbroblasts [54]. Previous reports characterized
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PTEN as a suppressor of matrix metalloprotease-2 (MMP-2) expression [55, 56].
I/R injury in the heart induced miR-21 in cardiac ﬁbroblasts in the infracted region.
Thus, I/R injury-induced miR-21-limited PTEN function and caused activation of
the Akt pathway and increased MMP-2 expression in cardiac ﬁbroblasts.
On the other hand, miR-29 family members, miR-133, and miR-30 directly
downregulated key proﬁbrotic proteins. The miR-29 family is composed of three
members, miR-29a, b, and c. It was shown that the miR-29 family, which is highly
expressed in ﬁbroblasts, targets mRNAs encoding a multitude of extracellular
matrix (ECM)-related proteins involved in ﬁbrosis, including col1a1, col3a1, elastin, and ﬁbrillin [50]. miR-29 was dramatically repressed in the border zone ﬂanking the infracted area in a mouse model of MI. Downregulation of miR-29 would be
predicted to counter the repression of these mRNAs and enhance ﬁbrotic responses.
Therefore, it is tempting to speculate that upregulation of miR-29 may be a therapeutic option for MI.
Connective tissue growth factor (CTGF), a key molecule involved in ﬁbrosis,
was shown to be regulated by miR-133 and miR-30, which are both consistently
downregulated in several models of pathologic hypertrophy and HF [57]. The
authors indicated that miR-133 and miR-30 are downregulated during cardiac disease, which inversely correlated with the upregulation of CTGF. In vitro experiments designed to overexpress or inhibit these miRNAs can effectively repress
CTGF expression by interacting directly with the 3′-untranslated region (UTR)
region of the CTGF mRNA.
Together, these data indicate that miRNAs are important regulators of cardiac
ﬁbrosis and are involved in structural heart disease.

Arrhythmias
One of the earliest reports of involvement of miRNA regulation of cardiac repolarization came from Zhou et al. in 2007 with the targeted deletion of miR-1-2 in mice.
Surface electrocardiography in mutant mice demonstrated reduced average heart rate,
accelerated atrioventricular conduction, and slowed ventricular conduction [58]. They
found Irx5 as a target for miR-1-2, which belongs to the Iroquois family of homeodomain-containing transcription factors that regulate cardiac repolarization by repressing transcription of KCND2. KCND2 encodes a K+ channel subunit (Kv4.2)
responsible for the transient outward K+ current (Ito) that is the major determinant of
the transmural repolarization gradient in the ventricular wall. The increase in Irx5
protein levels in miR-1-2 mutants corresponded with a decrease in KCND2
expression.
Additional evidence supporting a role for miR-1 in cardiac repolarization and
arrhythmogenesis came from a rat model of MI induced by occlusion of the coronary artery. It was established that gap junction protein a1 (GJA1; encoding connexin43 [Cx43]) and potassium inwardly rectifying channel, subfamily J, member
2 (KCNJ2; encoding the K+ channel subunit Kir2.1) are target genes for miR-1 [59].
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Cx43 is critical for inter-cell conductance of excitation [60–62], and Kir2.1 governs
cardiac membrane potential [63, 64], both of which are important determinants for
cardiac excitability.
To date, the cardiac ion channel genes that have been conﬁrmed experimentally
to be targets of miR-1 or miR-133 include GJA1/Cx43/IJ [59], KCNJ2/Kir2.1/IK1
[59], potassium voltage-gated channel, subfamily H (eag-related) member 2
(KCNH2)/human ether-à-go-go-related gene (HERG)/IKr [65], potassium voltagegated channel, KQT-like subfamily, member 1 (KCNQ1)/KvLQT1/IKs [66], and
potassium voltage-gated channel, Isk-related family, member 1 (KCNE1)/mink/IKs
[66]. The fact that altered expression of miRNAs can deregulate expression of cardiac ion channels provided novel insight into the molecular understanding of cardiac excitability.
miR-212 has been found to be upregulated in both animal models and human HF
[6]. KCNJ2/Kir2.1 3′-UTR contains potential miR-212 binding sites and transfection of HeLa cells with miR-212 reduced inward rectiﬁer K+ current density, as
demonstrated by whole-cell patch-clamp recordings [67].
It was also reported that miR-328 is upregulated in the atria of dogs with induced
atrial ﬁbrillation (AF) and targets the L-type calcium channel [68]. Strikingly, inhibition of miR-328 levels with an antagomir reversed the conditions. The fact that
genetic knockdown of endogenous miR-328 reduced AF vulnerability also suggests
the potential of miR-328 as a target for AF treatment.
Circulating miRNAs, which can be potential biomarkers for AF, were also
sought. Plasma miR-150 levels from AF patients were substantially lower than that
from healthy people in a cohort of 105 participants [69]. miRNAs may serve as
molecular diagnostic markers for AF in the future.

Angiogenesis and Vascular Disease
miRNAs are also important in vascular development, physiology, and disease.
Initial evidence for the functional roles of miRNAs in vascular development was
provided by the observation that mice carrying a Dicer hypomorphic allele died
prenatally with severely disrupted blood vessel formation [70].
Proﬁling of endothelially expressed miRNAs has been performed using human
umbilical vein endothelial cells. These results revealed high expression levels of
miR-221/222, miR-21, let-7 family, miR-17-92 cluster, miR-23-24 cluster, and
miR-126 in vascular endothelial cells. Among them, miR-126 is the only miRNA
considered to be expressed speciﬁcally in endothelial cells [71].
Studies focusing on individual miRNAs or miRNA clusters suggested the importance of miRNAs in endothelial cell function and angiogenesis. The miR-17-92
cluster is one of the most important miRNAs for the regulation of angiogenesis. It
encodes six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR92-1), which are tightly grouped within an 800 base-pair region, and it is transcriptionally regulated by c-Myc [72]. In particular, miR-18 preferentially suppressed
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CTGF, whereas miR-19 targeted the potent angiogenesis-inhibitor thrombospondin-1 to promote tumor angiogenesis [73]. On the other hand, miR-92a controlled
the growth of new blood vessels (angiogenesis) [74]. Forced overexpression of
miR-92a in endothelial cells blocked angiogenesis, and systemic administration of
an antagomir to inhibit miR-92a led to enhanced blood vessel growth and functional
recovery of damaged tissue in mouse models of limb ischemia and MI. Therefore,
miR-92a may serve as a valuable therapeutic target in the setting of ischemic
disease.
miR-126 is an abundant, endothelial cell-enriched miRNA that is encoded in the
second intron of an endothelial cell-speciﬁc gene, Egfl7, and mechano-sensitive
zinc ﬁnger transcription factor Klf2a was shown to induce miR-126 expression to
activate vascular endothelial growth factor signaling [75]. This work described a
novel genetic mechanism in which a miRNA facilitated integration of a physiological stimulus with growth factor signaling in endothelial cells to guide angiogenesis.
On the other hand, transfection of endothelial cells with an oligonucleotide that
decreased miR-126 permitted an increase in tumor necrosis factor-α stimulated vascular adhesion molecule 1 expression and increased leukocyte adherence to endothelial cells [76]. The apparent role of miR-126 in angiogenesis has led to increasing
interest in miR-126 overexpression as a therapeutic approach. It has been reported
that systemic delivery of miR-126 by miRNA-loaded bubble liposomes improved
blood ﬂow and may be useful for the treatment of hind-limb ischemia [77].
There is increasing evidence that speciﬁc miRNAs are involved in angiogenesis.
So far, pro-angiogenic miRNAs include let7f and miR-27b [78], miR-17-92 cluster
[73], miR-126 [79, 80], miR-130a [81], miR-210, and miR-378 [82, 83]. miRNAs
that exert anti-angiogenic effects include miR-15/16 [84, 85], miR-20a/b [84], miR92a [74], and miR-221/222 [86, 87].
In the context of vascular remodeling, Ji et al. identiﬁed miRNAs that are aberrantly expressed in the vascular walls after balloon injury [88]. Modulating an aberrantly overexpressed miR-21 via antisense-mediated depletion had a signiﬁcant
negative effect on neointimal lesion formation. They also demonstrated that Pten
and Bcl2 were involved in miR-21-mediated cellular effects. The same group also
revealed that miR-221 and miR-222 expression levels were elevated in rat carotid
arteries after angioplasty [89]. Moreover, they found that p27 (Kip1) and p57 (Kip2)
were target genes involved in miR-221- and miR-222-mediated effects on vascular
smooth muscle cell (VSMC) growth. Knockdown of miR-221 and miR-222 resulted
in decreased VSMC proliferation both in vitro and in vivo.
miR-145 is selectively expressed in VSMCs of the vascular wall, and its expression
was signiﬁcantly downregulated in vascular walls with neointimal lesion formation.
The target of miR-145 is KLF5 and its downstream signaling molecule, myocardin.
Restoration of miR-145 in balloon-injured arteries via Ad-miR-145 inhibited neointimal growth and might be used for treatment of a variety of proliferative vascular
disorders.
Aortic aneurysms are a common clinical condition that can cause death due to
aortic dissection or rupture. The association between aortic aneurysm pathogenesis
and altered TGF-β signaling, inﬂammation and apoptosis has been the subject of
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numerous investigations. Recently, a TGF-β-responsive miR-29 [90, 91] and miR21 [92] whose targets include Pten, Spry1, Pdcd4, and Bcl2 have been identiﬁed to
play roles in cellular phenotypic modulation during aortic development. It was demonstrated that decreasing the levels of miR-29b or increasing the levels of miR-21 in
the aortic wall could attenuate aortic aneurysm progression in a porcine pancreatic
elastase infusion and angiotensin II infusion model of abdominal aortic aneurysms
in mice [90, 92].

Heart Failure
Because all of the previously described pathologies, i.e. cardiac hypertrophy, ﬁbrosis, arrhythmia, and CAD can cause HF, all of the miRNAs discussed so far are also
relevant to this disease entity.
Many proﬁling studies have been conducted and revealed a large number of miRNAs that are differentially expressed in HF, pointing to a new mode of regulation of
cardiovascular diseases [9, 11, 12, 21, 57, 93].
A diverse range of circulating miRNAs have been studied for the detection of
HF. Tijsen et al. tried to determine whether miRNAs make it possible to distinguish
clinical HF not only from healthy controls but also from non-HF forms of dyspnea
[40]. They revealed that miR423-5p was most strongly related to the clinical diagnosis of HF and receiver-operator-characteristics curve analysis showed miR423-5p
to be a diagnostic predictor of HF, with an area under the curve of 0.91 (p < 0.001).
From a diagnostic perspective, Goren et al. tried to evaluate a multimarker
approach to HF diagnosis [94]. They measured the levels of 186 miRNAs in the sera
of 30 stable chronic systolic HF patients and 30 controls. The differences in miRNA
levels between the two groups were characterized, and a score, based on the levels
of four speciﬁc miRNAs with the most signiﬁcant increase in the HF group (miR423-5p, miR-320a, miR-22, and miR-92b) was deﬁned. Interestingly, the score was
utilized to discriminate HF patients from controls with a sensitivity and speciﬁcity
of 90 %. Moreover, in the HF group, there was a signiﬁcant association between the
score and important clinical parameters such as elevated serum natriuretic peptide
levels, a wide QRS, and dilatation of the left ventricle and left atrium. These results
suggested that a multimarker approach is useful for the detection of not only HF but
also left ventricular structure and function.
miRNAs are also related to a more speciﬁc cause of HF, such as chemotherapyinduced HF or obesity-related HF. It has been proposed that miRNAs can
exert their roles in response to treatment with chemotherapeutic agents. For
example, it was suggested that upregulation of miR-146a after doxorubicin
(Dox) treatment is involved in acute Dox-induced cardiotoxicity by targeting
ErbB4 [95]. Inhibition of both ErbB2 and ErbB4 signaling may be one of
the reasons why those patients who receive concurrent therapy with Dox and
trastuzumab suffer from HF.
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miRNA microarray analyses and real-time polymerase chain reaction have
revealed that miR-451 levels were signiﬁcantly increased in type 2 diabetes mellitus mouse hearts [96]. Calcium-binding protein 39 (Cab39) is a scaffold protein
of liver kinase B1 (LKB1), an upstream kinase of AMP-activated protein kinase
(AMPK). Cab39 is a direct target of miR-451 in neonatal rat cardiac myocytes,
and Cab39 overexpression rescued lipotoxicity. Protein levels of Cab39 and
phosphorylated AMPK were increased and phosphorylated mammalian target of
rapamycin was reduced in cardiomyocyte-speciﬁc miR-451 knockout mouse
hearts compared with control mouse hearts. Thus, these results demonstrated
that miR-451 is involved in diabetic cardiomyopathy through suppression of the
LKB1/AMPK pathway.

Conclusion
miRNAs have emerged as powerful and dynamic modiﬁers of cardiovascular diseases. The miRNA species discussed above are able to directly regulate the expression of transcription factors, signaling molecules, contractile proteins, and play
critical roles in cardiovascular remodeling. Work from several investigators have
demonstrated the ability of exogenously administered miRNA inhibitors or miRNA
mimics to modulate these pathological processes, thereby ameliorating cardiovascular diseases, which is promising and potentially opens the door for novel therapeutic approaches in the future. The potential of circulating miRNAs as biomarkers
for cardiovascular diseases is also in its early stages. Their roles as prognostic biomarkers have yet to be elucidated, and larger studies with longer follow-up periods
will be needed.
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Chapter 11

microRNAs in Essential Hypertension
and Blood Pressure Regulation
Francine Z. Marques and Fadi J. Charchar

Abstract Unravelling the complete genetic predisposition to high blood pressure
(BP) has proven to be challenging. This puzzle and the fact that coding regions of
the genome account for less than 2 % of the entire human DNA support the hypothesis that mechanisms besides coding genes are likely to contribute to BP regulation.
Non-coding RNAs, especially microRNAs, are emerging as key players of transcription regulation in both health and disease states. They control basic functions
in virtually all cell types relevant to the cardiovascular system and, thus, a direct
involvement with BP regulation is highly probable. Here we review the literature
about microRNAs associated with regulation of BP and hypertension, highlighting
investigations, methodology and difﬁculties arising in the ﬁeld. These molecules
are being studied for exploitation in diagnostics, prognostics and therapeutics in
many diseases. There have been some studies that examined biological ﬂuid
microRNAs as biomarkers for hypertension, but most remain inconclusive due to
the small sample sizes and differences in methodological standardisation. Fewer
studies have analysed tissue microRNA levels in vascular smooth muscle cells and
the kidney. Others focused on the interaction between single nucleotide polymorphisms and microRNA binding sites. Studies in animals have shown that angiotensin II, high-salt diet and exercise change microRNA levels in hypertension.
Treatment of spontaneously hypertensive rats with a miR-22 inhibitor and treatment
of hypertensive Schlager BPH/2J mice with a miR-181a mimic decreased their BP.
This supports the use of microRNAs as therapeutic targets in hypertension, and

F.Z. Marques
School of Applied and Biomedical Sciences, Faculty of Science and Technology,
Federation University Australia, Mount Helen, VIC, Australia
Heart Failure Research Group, Baker IDI Heart and Diabetes Institute,
Melbourne, VIC, Australia
e-mail: f.charchar@federation.edu.au
F.J. Charchar (*)
School of Applied and Biomedical Sciences, Faculty of Science and Technology,
Federation University Australia, Mount Helen, VIC, Australia
© Springer International Publishing Switzerland 2015
G. Santulli (ed.), microRNA: Medical Evidence, Advances in Experimental
Medicine and Biology 888, DOI 10.1007/978-3-319-22671-2_11

215

216

F.Z. Marques and F.J. Charchar

future studies should test the use of other microRNAs found in human association
studies. In conclusion, there is a clear need of increased pace of human, animal and
functional studies to help us understand the multifaceted roles of microRNAs as
critical regulators of the development and physiology of BP.
Keywords Blood pressure • Arterial pressure • Essential hypertension • Circulating
microRNAs • Biomarkers • Kidney • Endothelial cells • Plasma

Introduction
The human genome was mapped in its near entirety in 2003, and since then there
has been many noteworthy discoveries but at the same time many more new challenges have appeared. Unravelling the complete genetic predisposition to high
blood pressure (BP) has proven to be one of these challenges, perhaps due to its
phenotypic heterogeneity [1], but it is more likely that there are many mysteries that
our genome has not yet revealed.
Only up to 2.2 % of inter-individual variance in BP may be explained by common single nucleotide polymorphisms (SNPs) associated with BP/hypertension
identiﬁed by the largest genome-wide association meta-analysis [2]. This and the
fact that coding regions of the genome account for less than 2 % of the entire human
DNA [3] support the hypothesis that other mechanisms besides coding genes are
likely to contribute to BP regulation.
In the past decade, non-coding RNAs (i.e., RNA which does not code for a protein) have emerged as key players in transcription regulation in both health and
disease states. In contrast to coding regions, which are highly conserved between
species, non-coding RNAs are usually stage-, tissue- and species-speciﬁc [4–6], and
contribute to the complexity and variety of the transcriptome in humans.
The most studied type of non-coding RNA in hypertension is microRNAs (miRNAs). They have been described as master gene regulators since they can regulate
downstream gene expression by post-transcriptional mechanisms, speciﬁcally by
binding to the 3′ untranslated region (UTR) of a messenger RNA (mRNA) [7]. This
leads to mRNA degradation or repression of translation (summarised in Fig. 11.1)
[7]. The regulatory roles of miRNAs binding to promoters and 5′ UTR has also been
described, but remains mostly unclear at present [8], and there are no examples in
hypertension so far.
Based on a search conducted on 9 April 2015 at http://www.mirbase.org/, a total
of 1881 precursors and 2588 mature miRNAs are listed in the human genome [9],
while a recent publication identiﬁed as many as 3707 novel mature miRNAs arising
from 3494 novel precursors in humans [10]. Each miRNA can regulate several hundred genes, thus being able to inﬂuence whole pathways [6]. Here we review the
literature concerning miRNAs associated with BP and essential hypertension, and
we ask the question—do they play a role in BP regulation?
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Fig. 11.1 How microRNAs can contribute to blood pressure regulation. Besides the transcription
of messenger RNA (mRNA), small non-coding RNAs called microRNAs can also be transcribed
in the nucleus of a cell. The mRNA will be exported from the nucleus, and so will be the microRNA,
which then binds to the microRNA-mediated silencing complex (miRISC). This complex containing the microRNA then usually binds to the 3′ untranslated region of a mRNA, and as a consequence there is either the translation of repression or the cleavage of the mRNA. This process
happens in all tissues of the body, including the kidneys, which can contribute to blood pressure
regulation. Moreover, microRNAs can be exported from the tissue of origin in microvesicles, such
as exosomes, and, thus, can be detected in the circulation, such as in plasma and serum samples

Methods
The search methodology in this chapter is described in Fig. 11.2. Brieﬂy, we used
relevant keywords to search the free-engine PubMed (www.pubmed.com) database
of references, and then manually excluded those articles which were not appropriate
for inclusion, based on the exclusion criteria described in Fig. 11.1. No article was
excluded based on year, and animal and human investigations were included. Some
studies have investigated the role of miRNAs in vitro only, and were not included in
this chapter. Our search resulted in 38 original articles in miRNAs and hypertension
and/or BP, discussed below.
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Keywords used in the search engine PubMed
(9 April 2015)

microRNA + hypertension = 359 results
microRNA + “blood pressure” = 93 results

Excluded: articles not in English, reviews/commentaries,
secondary or pulmonarhypertension, studies which did
not analyse microRNAs themselves (only discussed their
potential role), aldosteronism, focus in other
cardiovascular disease or pre-eclampsia.

38articles in microRNAs on essential hypertension
and/or blood pressure regulation
Fig. 11.2 Flow chart of methodology used to select the original investigations included in this
chapter. Adapted from [11]

Human Studies
Some of the text below was adapted from reference [11], a review focusing on
human non-coding RNAs and hypertension, recently published by the authors.
Findings in humans are summarised in Figs. 11.3 and 11.4.

Biological Fluid and Circulating microRNAs
Biological ﬂuid miRNAs are those which are isolated from urine or circulation,
such as plasma, serum and blood cells (including vascular endothelial and peripheral blood mononuclear cells). Plasma, serum and urine miRNAs are protected from
endogenous RNase-activity because they are carried in extracellular vesicles (such
as apoptotic bodies and exosomes), RNA-binding proteins and lipoprotein complexes [12]. These miRNAs are unique in that they are highly stable even when
exposed to storage at room temperature or extreme conditions, such as multiple
freeze-thaw cycles, boiling and extreme pH [13]. Although body ﬂuids are easily
obtainable, measuring circulating levels of miRNAs in them remains challenging.
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Fig. 11.3 Schematic ﬁgure of microRNAs likely to be involved in the regulation of blood pressure
and/or predisposition to hypertension, acting in different tissues in the human body. Down arrows
indicate down-regulated and up arrows indicate up-regulated microRNAs, while asterisks indicate
single nucleotide polymorphisms in binding site of microRNA in BP associated genes. Double
asterisk indicates no division between renal medulla and cortex was made in the study, so microRNAs were grouped together as ‘kidney’. miR microRNA. Adapted from [11]

One of the main difﬁculties in measuring circulating miRNAs is their low
concentration (sometimes requiring the need to pool samples), and thus the difﬁculty in accurately measuring their levels. The most common technique used to
measure circulating miRNA concentrations is quantitative real-time polymerase
chain reaction (qPCR) using relative quantiﬁcation. In relative quantiﬁcation, genes
(referred to as housekeeping genes) involved in basic cell maintenance are expected
to be expressed in the same tissue at similar levels in health and disease states [14].
The housekeeping genes are used as a reference to the quantity of expression of the
gene of interest. In the measurement of circulating miRNAs, there are also technical
difﬁculties due to the lack of accepted standards in normalising the data. There are
discussions in favour of exogenous (a RNA transcript speciﬁc to other species introduced during the RNA extraction, termed ‘spike-in’) and endogenous miRNAs or
small RNAs (such as RNU6, produced by the cells), or the use of both as normalisers. We refer the reader to a good review on methods used for normalisation during
the measurement of miRNAs in body ﬂuids [12].
A genome-wide miRNA study in plasma compared miRNA expression in 13
hypertensive patients and 5 normotensive Chinese subjects by microarray [15].
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Fig. 11.4 Single nucleotide polymorphisms (SNPs) that create a binding site for a microRNA in
blood pressure associated genes

The authors found 27 differentially expressed miRNAs, 9 miRNAs were up-regulated
and 18 miRNAs that were down-regulated in hypertensives [15]. They then validated three miRNAs using qPCR—hcmv-miR-UL112, miR-296-5p, and let-7e in
a larger cohort of 127 patients and 67 control subjects [15]. The miRNA hcmvmiR-UL112 is a human cytomegalovirus (HCMV)-encoded miRNA. Using
in vitro transfection of human embryonic kidney 293 (HEK293) cells with reporter
gene constructs, the authors demonstrated that levels for the interferon regulatory
factor 1 transcript can be regulated by hcmv-miR-UL112 [15]. The authors also
found higher titres of human cytomegalovirus in hypertensives, and hence suggested that cytomegalovirus is responsible for the differential expression of
hcmv-miR-UL112 in hypertensives versus normotensives in circulating vascular
endothelial cells [15].
The interesting, yet highly speculative, conclusion from this study is that cytomegalovirus could contribute to the elevation in BP rather than be an innocent
bystander. Instead, it could be a consequence, in that hypertension-induced pathology could increase susceptibility to cytomegalovirus [16]. Despite the strong correlation between virus titres and blood pressure, a primary association with other
conditions more common in hypertension cannot be discounted, especially in the 47
% of non-infected hypertensive patients [16].
In a study aimed to analyse metabolic syndrome and its risk factors, miRNAs
were measured in healthy controls compared to those with metabolic syndrome,
type 2 diabetes, hypercholesterolemia or hypertension [17]. Consistently with a role
of the immune system in hypertension [18], differentially expressed miRNAs were
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identiﬁed in both blood and exosomes isolated from serum [17]. miR-150, miR-192
and miR-27a were down-regulated in subjects with hypercholesterolemia or hypertension [17]. miRNAs miR-130a, miR-195 and miR-92a were up-regulated in
hypertensives and those with the metabolic syndrome [17]. Blood miR-130a and
miR-195 were also positively correlated with BP [17]. Only miR-92a, predicted to
target the angiotensin II (Ang II) receptor type I (AGTR1) mRNA, was present in
exosomes, and its expression reﬂected the one in blood [17].
This is contradictory to ﬁndings in mice deﬁcient in miR-92a, as these mice do
not exhibit changes in BP [19]. In agreement with the study by Karoline et al. [17],
miR-27a was down-regulated in aortas of the spontaneously hypertensive rat (SHR)
compared to Wistar-Kyoto (WKY) [20]. Exercise was able to normalise both
miRNA and BP to WKY levels [20].
The expression of urine miRNAs, isolated from exosomes, were investigated in
a cohort of ten salt-sensitive, inverse salt-sensitive (i.e., subjects whose BP decreases
in response to high salt intake) and salt-resistant subjects (i.e., subjects whose BP
increases in response to high salt intake) [21]. These authors reported 45 differentially expressed miRNAs secreted from the kidney in salt-sensitive and salt-resistant
individuals or between the inverse salt-sensitive and salt-resistant subjects [21]. The
only miRNA that could differentiate the two extremes (salt sensitivity or inverse salt
sensitivity) versus the salt-resistant group was hsa-miR-4516. Although the ﬁndings
have not been replicated in a larger cohort, this study demonstrates that miRNAs
possibly derived from kidney tubule cells could be altered or even used as biomarkers
for aberrant sodium regulatory pathways in hypertension.
In order to gain insights into molecular mechanisms by which vascular smooth
muscle cells (VSMC) affect vascular resistance, Kontaraki and colleagues compared the expression of miR-143, miR-145, miR-21, miR-133 and miR-1 in peripheral blood mononuclear cells between 60 patients with essential hypertension and
29 healthy normotensive subjects [22]. All of the hypertensive patients underwent
24 h ambulatory BP monitoring. The speciﬁc miRNAs were chosen based on their
previously published role in VSMC phenotype and differentiation. Hypertensive
subjects had lower hsa-miR-143, hsa-miR-145 and hsa-miR-133a, and higher hsamiR-21 and hsa-miR-1. Twenty-four hours mean diastolic BP (DBP) was negative
correlated with hsa-miR-143, hsa-miR-145 and hsa-miR-21, whilst mean DBP and
hsa-miR-133a were positively correlated [22]. Although these miRNAs were highly
expressed in VSMC, the authors did not determine whether these miRNAs were
truly derived from VSMC or if they may have originated from other sources. Further
investigations are warranted here to determine the role of these miRNAs in
inﬂammation.
Another study from the same group focused on the expression levels of hsamiR-9 and hsa-miR-126 in peripheral blood mononuclear cells in normotensive
compared to hypertensive subjects [23]. Both miRNAs had lower expression in
those with high BP, and they were positively correlated with pulse pressure [23].
miR-9 was also positively correlated with left ventricular mass [23]. This supports
a role for these miRNAs as markers of advanced target-organ damage in
hypertension.

222

F.Z. Marques and F.J. Charchar

A recent study investigated the expression of hsa-miR-221 and hsa-miR-222 in
circulating progenitor cells (also termed pro-angiogenic haematopoietic cells),
selected by CD34 surface antigen. They compared cells from normotensive and
hypertensive subjects, the latest being subdivided into those with carotid intimamedia thickness but without left ventricular hypertrophy, and those with left ventricular hypertrophy but without carotid intima-media thickness [24]. These
miRNAs were chosen based on their association with previously reported regulatory roles in angiogenesis, cell proliferation and vascular inﬂammation. Hypertensive
subjects had increased reactive oxygen species (ROS), C-reactive protein (CRP),
ﬁbrinogen and a higher number of CD34+ cells. These heightened inﬂammation
parameters were associated with an increase in hsa-miR-221 and hsa-miR-222
expression [24]. In the hypertensive group with left ventricular hypertrophy, the
miRNAs were negatively correlated with the number of CD34+ cells and positively
correlated with ROS [24]. The higher levels of hsa-miR-221 and hsa-miR-222 are
consistent with increased ROS production and inﬂammatory markers, but a direct
involvement with impairment of circulating progenitor cells is yet to be
established.
Microarrays were used to investigate the whole-plasma miRNA expression of six
healthy controls and six hypertensive Chinese patients, and found three up-regulated
miRNAs in hypertension: hsa-miR-425, hsa-miR-505 and hsa-miR-210 [25]. These
ﬁndings were replicated in two other cohorts (11 healthy, 20 pre-hypertensive and
19 hypertensive subjects, and 91 healthy and 101 hypertensive subjects) [25]. The
levels of miR-505 were consistently higher in hypertensives in all three cohorts
[25]. This miRNA was found to play a role in angiogenesis by impairing endothelial
cell migration and tube formation, through the regulation of the gene for ﬁbroblast
growth factor 18 (FGF18) [25].
Ten miRNAs were studied in plasma samples of a cohort of 30 normotensive, 30
hypertensive and 30 white-coat hypertensive subjects [26]. The expression of miR21, miR-122, miR-637 and let-7e were up-regulated in hypertensives compared to
normotensives, while miR-122 and miR-637 were higher in white-coat patients than
in control subjects [26]. The miRNA miR-296-5p was down-regulated in hypertensives, but up-regulated in white-coat hypertensives [26]. The expression of both
miR-296-5p and miR-637 were able to distinguish between hypertensives and
white-coat hypertensives [26]. Ambulatory, SBP and DBP were negatively correlated with miR-296-5p [26]. This was the ﬁrst study to analyse miRNAs in whitecoat hypertensive patients, and it highlighted their use to distinguish between
subtypes of hypertension.
In summary, there is still little, but growing, evidence for the use of circulating
miRNA as biomarkers for hypertension. The ﬁeld is still in its infancy and this may
change over the next few years. Larger sample sizes and improvements in methodology, such as the identiﬁcation of markers of exosomal membrane that distinguish
tissues and different cell types, will be useful. This can be used to pinpoint where
the circulating exosomes, and thus miRNAs, are coming from and their potential
roles. The study of circulating exosomes would highly improve currently limited
knowledge of the interaction between compartments and cell-to-cell signalling.
Another limitation is related to the use of qPCR technology: miRNA sequences are
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ampliﬁed using oligonucleotides speciﬁc for small nucleic acids, and the amount of
miRNA is very low. The ampliﬁcation step may lead to artefacts if not properly
performed with rigorous controls.
Recent advances such as digital PCR (which can measure a single copy of a
miRNA) or the use of small RNA-sequencing (requiring as little as 5 ng as described
in [27]) are improving the precision of miRNA measurement [28]. Researchers still
need to consider whether preampliﬁcation is used or not, what housekeeping miRNAs (if endogenous or exogenous, or preferably both) are chosen, and the number
of exosomes and cells collected so as to allow for accurate assessment of the physiological relevance of each miRNA.

Tissue microRNAs
We have previously described genome-wide changes in genes and miRNAs measured by microarrays in the renal cortex and medulla of hypertensive (n = 5 and
n = 9, respectively) and normotensive (n = 3 and n = 5, respectively) European subjects who underwent elective unilateral nephrectomies because of non-invasive
renal cancer [29]. This unique cohort, collected speciﬁcally to study the molecular
aspects of human cardiovascular disease [30, 31], might provide further insights
about renal mechanisms which contribute to BP regulation.
The RNA samples were derived from a pole of kidney unaffected by the neoplastic process. In the renal medulla, 12 genes and 11 miRNAs were differentially
expressed, and in the cortex, 46 genes and 13 miRNAs were differentially expressed.
The differentially expressed miRNAs and genes were further investigated in 22
hypertensives and 16 normotensives. In the renal medulla samples, we validated by
qPCR the miRNAs hsa-miR-638 and hsa-let-7c, and in the cortex samples hsamiR-21, hsa-miR-126, hsa-miR-181a, hsa-miR-196a, hsa-miR-451, hsa-miR-638
and hsa-miR-663. Two under-expressed miRNAs, hsa-miR-181a and hsa-miR-663,
were of particular interest because in silico analyses had shown they could target
speciﬁc sequences in the human renin 3′ UTR mRNA. Furthermore, by means of
co-transfection experiments in vitro using HEK293 cells, we showed that hsa-miR181a and hsa-miR-663 bind to renin, and also revealed that these miRNAs were able
to regulate endogenous renin mRNA levels. These results suggest that a change in
these miRNAs could explain the overexpression of renin mRNA observed in the
hypertensive kidneys.
Due to the well-recognised role of the renin-angiotensin-aldosterone system
(RAAS) in BP regulation, the mechanisms of action of Ang II involving miRNAs
have also been investigated in mice, rats and humans. A study by Eskildsen and colleagues examined global miRNA expression in the left ventricle of Sprague-Dawley
rats treated with a constant intravenous infusion of Ang II for 10 days that lead to
ﬁbrosis and cardiac hypertrophy [32]. In the heart, aorta and kidneys of the Ang II
treated rats the authors identiﬁed that the cluster composed of the miRNAs miR-132
and miR-212 were up-regulated, and suggested that this may mediate Ang II-induced
hypertension [32].
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These miRNAs were also overexpressed in rats treated with endothelin-1 for
10 days, but no ﬁbrosis or cardiac hypertrophy was evident at the physiological or
molecular level. Moreover the expression of these miRNAs was attenuated in internal mammalian artery (also known as internal thoracic artery, which supplies blood
for the anterior chest wall) of patients treated with AGTR1 blockers compared to
those treated with β-blockers [32]. Although the authors speculate the involvement
of Gαq, in addition to the extracellular signal-regulated protein kinases 1 and 2
(ERK1/2), a thorough investigation of miR-132 and miR-212 gene targets is needed
to fully elucidate their contribution to BP regulation.
Santovito and colleagues measured the expression of hsa-miR-145, a miRNA
that is involved in VSMC proliferation and vascular tone in human atherosclerotic
plaques from 22 subjects with and without essential hypertension. The authors found
that this miRNA was overexpressed in hypertension, especially in those treated with
Ang II receptor blockers [33]. The authors did not investigate the mRNA targets of
miR-145, and therefore the genetic mechanisms involved are still to be deciphered.
In summary, there is emerging evidence that miRNAs may be involved in the
development of hypertension, yet more evidence is needed. Large tissue banks of
human kidneys [30, 31] are now being studied and will play a crucial part in this. In
vivo studies treating animal models, such as the SHR, could play an important role
to determine whether miRNAs indeed regulate BP. It is clear, however, that there is
a need for more research using larger human cohorts and relevant tissues to fully
understand the miRNA mechanisms involved in essential hypertension.

SNPS Creating or Modifying microRNA-Binding Sites
SNPs can create or disrupt binding sites for miRNAs. If a miRNA binds preferentially to one allele of an mRNA 3′ UTR than to other allele(s), it results in lower
levels of the mRNA or protein. The ﬁndings in the hypertension and blood pressure
regulation to date are summarised in Fig. 11.4.
One pioneer study in the ﬁeld of miRNAs and BP described that miRNA hsamiR-155 could bind more efﬁciently to the A allele than to the C allele at position
+1166 of the SNP rs5186 in the 3′ UTR of the AGTR1 mRNA. The C allele is also
more prevalent in essential hypertension subjects [34]. The binding of hsa-miR-155
will potentially suppress the level of AGTR1 mRNA and thus the pressor effect of
Ang II in subjects with the A allele [34].
Further evidence for this is that protein levels of AGTR1 in untreated essential
hypertension subjects homozygous for the C allele of rs5186 were also positively
correlated with systolic (SBP) and DBP. AGTR1 protein levels were also negatively
correlated with expression levels of hsa-miR-155, and the miRNA levels were lower
in those with the CC genotype [35]. These ﬁndings are consistent with those in
animal models, showing that miR-155 was down-regulated in aortas of the SHR
compared to WKY, and exercise was able to normalise miRNA to WKY levels [20].
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The modulation of expression of other genes in the RAAS by the preferential
binding of miRNAs to SNPs in the 3′ UTR region has been predicted by two other
studies [36, 37], of which only one proceeded to experimental validation in vitro
[37]. Four out of 10 SNPs within 8 genes in the RAAS were associated with changes
in BP. The authors also demonstrated that SNPs in the arginine vasopressin 1A
receptor (AVPR1A) gene, bradykinin 2 receptor (BDKRB2) gene and thromboxane
A2 receptor (TBXA2R) gene changed the binding site for several miRNAs [37].
Another study showed that the major G allele of rs28491316 of the aldosterone
synthase (CYP11B2) gene creates a binding site for miR-766, thus decreasing
CYP11B2 mRNA and protein levels [38]. Moreover, the miRNAs miR-31 and miR584 were found to bind preferentially to the major C allele of the SNP rs7079 in the
angiotensinogen (AGT) gene [39]. These miRNAs were also able to down-regulate
AGT mRNA and protein levels in vitro [39].
Besides the RAAS, other mechanisms commonly known to inﬂuence BP have
been associated with SNPs that lead to the creation or disruption of miRNA binding
sites. The minor T allele of the SNP ss52051869 in the 3′ UTR of the gene for
L-arginine transporter (SLC7A1) was previously associated with endothelial and
nitric oxide dysfunction, and increased predisposition to hypertension [40]. The T
allele of ss52051869 was later associated with the presence of a longer 3′ UTR with
more binding sites for the miRNA miR-122 (4 sites vs. 3 sites in the shorter 3′ UTR
associated with the C allele) [41]. This allele also disrupts the binding of the transcription factor speciﬁcity protein 1 (SP1) [41].
Another example is the SNP A + 1050G in the 3′ UTR of the neuropeptide Y1
receptor (NPY1R) mRNA, important for adrenergic activity and BP control [42].
Although hsa-miR-511 is predicted to bind preferentially to the G allele, this study
lacked in vitro co-transfections of miRNA and a plasmid with the speciﬁc binding
sequence to validate the binding. The presence of the C variant of the SNP
rs938671 in the 3′ UTR of the gene for vacuolar H+-ATPase subunit (ATP6V0A1)
was previously associated with catestatin secretion and BP [43]. This allele was
further associated with the down-regulation ATP6V0A1 mRNA levels [44]. Another
study found that having the C allele decreased ATP6V0A1 mRNA and protein levels
compared to the T allele, and that the miRNA hsa-miR-637 could preferentially
bind to the C rather than to the T allele [44].
The SNP rs5068 in the 3′ UTR of the atrial natriuretic peptide (NPPA) gene was
previously identiﬁed to be associated with essential hypertension and BP in a metaanalysis of genome-wide association studies [2]. Recently, miR-425 was shown to
be produced in human atria and ventricles, and to bind to the A allele, but not to the
G allele, of rs5068. This miRNA could also regulate NPPA mRNA levels in vitro
only when the A allele was present [45].
One investigation analysed the impact of the preferential binding of miR-608 to
the major C allele in comparison to the minor A allele of the 3′ UTR SNP
rs17228616 in the acetylcholinesterase (ACHE) mRNA [46]. Subjects carrying the
A allele had reduced serum cortisol and higher BP [46]. The A allele presented with
65 % higher ACHE hydrolytic activity than the C allele [46]. In the presence of the
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A allele, and thus less miRNA-mRNA binding, there was a higher availability of
miR-608, resulting in the suppression of other mRNA targets of this miRNA [46].
The minor A allele was more common in African-Americans (38.4 % carriers) than
European-descendants (6.2 % carriers).
A study attempted to ﬁnd SNPs located within miRNA binding sites in cardiometabolic genes using genome-wide association studies on 17 cardiometabolic diseases [47]. They found two SNPs that had an effect on the host gene expression and
were associated with BP: rs7085 in the 3′ UTR of c-src tyrosine kinase (CSK) and
rs10786736 in the 5′-nucleotidase cytosolic II (NT5C2) gene [47]. The miRNAs
predicted to bind to these SNPs were not disclosed in the study, and functional
experiments were not performed for these loci.
Several of the studies described here lacked in vitro analyses with the overexpression or inhibition of miRNAs and a direct effect on the expression of mRNAs in
a speciﬁc cell line. All these ﬁndings together highlight the importance of the interaction between miRNAs and polymorphisms at the mRNA level, and future studies
should explore these interactions at the whole-genome level. Once again the difﬁculty here will be to acquire relevant tissues, as miRNAs are tissue-speciﬁc, and
large cohorts would be necessary to ensure sufﬁcient power.

Polymorphisms in microRNA Sequences
Some of the SNPs identiﬁed in the genome-wide association meta-analysis for BP
and hypertension were not in regions coding [2], and thus could be in regions containing sequences for ncRNAs instead. So far none of these SNPs are in sequences
known to contain ncRNAs. Only one study in 156 hypertensives and 187 normotensives analysed whether SNPs in microRNA sequences (miR-143) were associated
with essential hypertension [48].
The frequency of the minor C allele of the SNP rs4705342 in the promoter of
miR-143 was lower in the hypertensive group (39 % controls vs. 27.9 % cases), and
it was associated with a lower risk of hypertension than in subjects with the TT
genotype [48]. The authors did not investigate whether the presence of this SNP
resulted in changes in the expression of miR-143. The genetic association needs to
be replicated in a larger, independent cohort.
By the use of the largest genome-wide association studies on 17 cardiometabolic
diseases, including the Global BPgen consortium, a study attempted to ﬁnd genetic
variants in seed regions of miRNAs [49]. They found that the SNP rs2168518, in a
seed region of miR-4513, was associated with several cardiometabolic phenotypes,
including SBP and DBP [49]. The minor G allele of this SNP also changed the
expression of miR-4513 in vitro [49]. Golgi SNAP receptor complex member 2
(GOSR2), associated with SBP, was identiﬁed as a target of miR-4513 [49]. We
should see an increase in this type of studies in the near future.
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Interaction Between Genotypes, Genes and microRNAs
A study investigated whether having the SNPs rs6276, rs6277 and rs1800497 in the
dopamine D2 receptor (DRD2) gene resulted in differential expression of miRNAs
in human renal proximal tubule cells, isolated from patients who had unilateral
nephrectomy due to renal carcinoma or trauma [50].
They found that subjects carrying alternative forms of these SNPs had lower
levels of miR-217, miR-224, miR-335 and miR-1265, and higher miR-1290 than
those carrying the major alleles [50]. Out of these miRNAs, only miR-217 was
directly regulated by the expression of DRD2 [50]. miR-217, in turn, regulated the
levels of transforming growth factor β 1 (TGFB1) mRNA and protein and the axis
WNT5A-ROR2 (wingless-type MMTV integration site family, member 5A, and
receptor tyrosine kinase-like orphan receptor 2) [50].
This study highlights the complex interactions between genotype, miRNAs,
expression of genes and pathways leading to hypertension.

Genetic and Environmental Interaction
It is well established that the prevalence of hypertension increases with ageing [51].
Wang and colleagues [52] used a non-linear varying-coefﬁcient model relative to
ageing to ﬁnd genetic markers associated with DBP. They used genome-wide association data of 142 unrelated subjects from the Genetic Analysis Workshop 18 [52].
The region of chromosome 3 which contains the miRNA gene MIR1263, including
the SNP rs9863717, had a non-linear effect over-time to affect DBP [52]. Carriers
of the GG genotype for rs9863717 had lower DBP after 55 years of age, while carriers AA had higher DBP and chance to develop hypertension [52]. The authors
discussed that previous traditional linear models would miss this interaction. Albeit
interesting, this needs to be validated in independent and larger cohorts.

Findings in Animal Models
Animal studies are essential to determine the in vivo role of miRNAs in BP regulation and their potential use as therapeutic targets instead of biomarkers only.
The levels of skeletal muscle miRNAs miR-16, miR-21 and miR-126, involved
in vascularisation, were investigated to understand how aerobic exercise training
lowers BP [53]. Adult SHR and WKY rats swam for 60 min, 5 days a week for 10
weeks [53]. BP was lower in SHR rats that exercised compared to those which did
not, while no changes in BP were observed in the WKY strain [53]. Exercise also
signiﬁcantly increased muscle vascularisation and miR-126 in the SHR, and lowered miR-16 and miR-21 [53]. Another study exposed SHR and WKY to exercise
training on a treadmill for 12 weeks [20].
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The effect of exercise on BP was similar as reported above [20, 53]. They showed
that exercise decreased aortic remodelling, and improved endothelial function and
the balance between the components of the RAAS [20]. Exercise also increased
aortic miR-27a and miR-155, and lowered miR-143, all of which can regulate some
components of the RAAS [20]. Together, these studies support the role of miRNAs
in lowering BP due to the effect of aerobic exercise in endothelial cells, but this
effect seems to be speciﬁc to hypertension.
The role of Dicer, an enzyme involved in miRNA biogenesis and processing,
which cleaves precursor-miRNAs to mature forms, has been investigated in relation
to BP. A study generated mice with a conditional deletion of Dicer in juxtaglomerular cells, the renal cells that produce renin, the rate-limiting enzyme of the RAAS
[54]. This resulted in a reduction in the number of juxtaglomerular cells, >80 %
lower renin expression (both Ren1 and Ren2 mRNA) and plasma renin concentration, decreasing BP by 15 mmHg and damaging renal function with increased ﬁbrosis [54]. This supports the importance of Dicer and miRNAs in the maintenance of
juxtaglomerular cells and overall renal function.
Mice lacking both miR-143 and miR-145 had thinner arteries with a reduction in
width of smooth muscle differentiation, reduced vascular tone, and thus, signiﬁcantly lower BP [55]. Another study deleted Dicer in smooth muscle cells, which
resulted in a global loss of miRNAs in arteries [56]. Contractile function of resistance arteries and aortic medial thickness were reduced [56]. Knockout mice had
lower SBP and DBP [56], and the drop in BP was more pronounced than in the
miR-143/miR-145 knockout [55], suggesting that other miRNAs are important for
VSMC function and BP regulation.
Consistent with the down-regulation of miR-181a in human kidneys [29], the
Schlager BHP/2J mouse, a neurogenic model of hypertension with marked circadian elevation of BP [57], has lower levels of miR-181a and higher renin mRNA
during the active period [58]. The hypertensive strain also has higher tyrosine
hydroxylase staining in the cortical tubules, indicating increased renal sympathetic
innervation [58]. When we treated BPH/2J mice with a miR-181a mimic, it
decreased BP and renal renin mRNA, supporting a role of this miRNA in the regulation of both BP and renin in hypertension [59].
A recombinant adenoviral vector containing an artiﬁcial miRNA designed to
target Agtr1 mRNA was injected in the paraventricular nucleus of SHR and control
Wistar rats [60]. This reduced Agtr1 mRNA in both strains, but a decrease in BP
was only observed in the SHR [60]. Plasma norepinephrine, depressor response,
plasma Ang II and renal sympathetic nerve activity were also normalised in the
SHR, while no change was observed in treated Wistar rats [60].
The miRNA miR-487b was the most differentially regulated miRNA in adult
Sprague-Dawley rats with Ang II-induced hypertension [61]. This miRNA was
shown to target and co-localised in rat aortic tissue with the gene for insulin receptor
substrate 1 (Irs1), which has a role in cell proliferation [61]. When miR-487b was
inhibited in human umbilical arterial adventitial ﬁbroblast and smooth muscle cell
lines, there was a threefold increase in cell survival [61], proposing a mechanism for
vascular pathology in hypertension.
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Consomic SS-13BN rats, which have the chromosome 13 from the normotensive
Brown Norway rat strain in the Dahl salt-sensitive background, had lower BP when
exposed to a high-salt diet [62]. A study investigated changes in renal medulla
whole-genome miRNA due to a high-salt diet in Dahl salt-sensitive and SS-13BN
rats [63]. Two miRNAs (miR-29b and miR-302d) were lower in Dahl salt-sensitive
rats, while three were higher (miR365, miR-211 and miR-15b) [63]. miR-29b was
predicted to regulate 20 collagen and several extracellular matrix related genes, and
the change in expression of several collagen genes was validated in vivo [63].
Treatment with an anti-miR-29b, however, did not change BP [63]. These ﬁndings
are relevant to the interstitial ﬁbrosis in the medulla as a consequence of high-salt
diet.
Another study treated Sprague-Dawley rats with Ang II for 4 weeks, resulting in
higher BP and myocardial ﬁbrosis [64]. Moreover, myocardial miR-29b and miR133 were decreased, and collagen type I α 1 (Col1a1) mRNA was increased [64].
This study supports the role of these miRNAs in ﬁbrosis in the presence of Ang
II-induced hypertension.
Changes in aortic whole-genome miRNAs were studied in Dahl salt-sensitive
rats exposed to a high-salt diet [65]. This resulted in the dysregulation of 37 miRNAs, including the up-regulation of miR-320 and down-regulation of miR-26b and
miR-21 [65]. These miRNAs were shown to target insulin growth factor-1 receptor
(Igf1r) and phosphatase and tensin homolog (Pten) mRNA [65]. VSMCs treated
with a miR-320 inhibitor or a miR-26b mimic reduced the expression of collagen
genes and prevented cells from hypertrophy [65]. The authors then tested whether
β-blockers would improve the salt-induced hypertension phenotype by modulating
these miRNAs and target genes [65]. While nebivolol, a selective β1 inhibitor with
β3 activation function, normalised all three miRNAs, atenolol, a pure β1-selective
blocker, normalised miR-26b and increased miR-21 [65]. This investigation supports the use of β-blockers as treatment for salt-induced hypertension through action
on miRNAs involved in arterial dysfunction and remodelling.
An example of therapeutic use of a miRNA in hypertension is miR-22, which
targets chromogranin A (Chga) mRNA [66]. SHR which were treated with four
doses of miR-22 inhibitor at 25 mg/kg exhibited a decrease in BP of 18 mmHg in 9
days [66]. Polymorphisms in the gene for CHGA and plasma concentrations of
CHGA have been associated with human hypertension [67]. A polymorphism in the
3′ UTR, which increases the binding of miR-22, was identiﬁed in the SHR [66].
In summary, the therapeutic use of miRNAs is currently being explored through
the approaches of overexpression and inhibition in many diseases, including cardiovascular diseases. In hypertension, the only examples are miR-22 and miR-181a, as
discussed above. While there have been few studies to date that have assessed the
use of miRNAs for anti-hypertensive therapy, there are several examples in other
cardiovascular diseases. For example, inhibition of miR-25 in an established model
of heart failure improved cardiac contractility and function [68].
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Challenges of Studying microRNAs in BP
Essential hypertension is a complex heritable trait thought to involve multiple,
mostly unknown, genes, the majority having a small effect and a few genes with
large effect, that interact with environmental factors [69]. The study of twins during the past few decades has been used to estimate the heritability of BP, with heritability of SBP varying from 44 to 71 %, and variability of DBP varying from 46
to 74 % [70–75].
A variety of environmental factors are known to contribute to the increased BP
in essential hypertension patients. Early life factors, such as dietary sodium intake,
childhood exercise, breast feeding and birth weight, contribute to the development
of hypertension later in life [76]. Lifestyle factors, such as moderate physical exercise, healthy diet, limitation of cigarette, alcohol and sodium consumption, stress
management and maintaining a lean body weight, are known to help in the management of hypertension [77]. Currently, the miRNA literature in hypertension lacks
the analysis of environmental factors inﬂuencing miRNA expression. Similarly, no
studies have analysed the levels of miRNAs according to genotypes and BP. These
studies are challenging due to high interpersonal variability, thus requiring large
cohorts with detailed characterisation and long follow-up.
Changes in expression of any miRNA, as well as in mRNAs, could either contribute to or be a secondary effect of hypertension. When the sequence of the
miRNA is conserved between humans and rodents, the use of animal models might
assist in providing physiological support for a putative causative mechanism
inferred from molecular and in vitro ﬁndings. In humans, besides kidneys and arteries (including VSMC), no other tissues are currently available, limiting advances in
the ﬁeld. The availability of tissue engineering may be of use in that regard in the
future [78].
There are several algorithms and tools to predict the interaction between miRNA
with protein-coding mRNAs and DNA, but these predictions need validation by
time-consuming in vitro techniques, such as luciferase assays for miRNAs and
mRNAs. Although well studied in other areas of human disease, deciphering interactions between RNA–RNA and RNA–DNA has been under-researched in BP
regulation.
Such studies can, moreover, be challenging, since the effects of miRNAs may
only take place under certain conditions, such as certain stressors or speciﬁc
developmental stages, and might further complicate the ﬁndings. Interaction
between miRNAs are also possible, such as the role of circular RNAs acting as
efﬁcient miRNAs sponges and having several sites for binding of a speciﬁc
miRNA, thus counteracting their actions [79]. miRNAs have been found to bind
to and regulate long intergenic non-coding RNA levels in a similar way as they
regulate mRNAs [80].
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Conclusions
The recent advent of whole-genome sequencing and (small) RNA sequencing
technologies has made more information about the human genome and transcriptome available. They have also revealed the incredibly complex and malleable
nature of integrations that exist between gene, RNA and protein. miRNAs are, however, a relatively underdeveloped area of investigation in hypertension research.
Advances have lagged behind those made in other ﬁelds such as cancer and heart
failure. Research into the individual role of miRNAs and the interaction between
different types of miRNAs, DNA polymorphisms and environment is needed in
hypertension. Studies using larger cohorts and tissues besides biological ﬂuids
should assist in a better understanding of the multifaceted roles of miRNAs.
Considering many studies have revealed that miRNAs are critical regulators of cardiovascular development [81] and ageing [82], there are still important opportunities in the ﬁeld to further understand how they affect hypertension.
Acknowledgements We would like to thank Mr. Ian Goodbody for proofreading this chapter.
F.Z.M. and F.J.C. are supported by grants from the National Health & Medical Research Council
of Australia (NHMRC), the National Heart Foundation and the Federation University Australia
‘Self-sustaining Regions Research and Innovation Initiative’, an Australian Government
Collaborative Research Network (CRN). F.Z.M. is supported by NHMRC (APP1052659) and
National Heart Foundation (PF12M6785) co-shared Early Career Fellowships.

References
1. Munroe PB, Barnes MR, Caulﬁeld MJ. Advances in blood pressure genomics. Circ Res.
2013;112(10):1365–79.
2. Ehret GB, Munroe PB, Rice KM, Bochud M, Johnson AD, Chasman DI, et al. Genetic variants
in novel pathways inﬂuence blood pressure and cardiovascular disease risk. Nature.
2011;478(7367):103–9.
3. Mattick JS. Non-coding RNAs: the architects of eukaryotic complexity. EMBO Rep.
2001;2(11):986–91.
4. Frith MC, Pheasant M, Mattick JS. The amazing complexity of the human transcriptome. Eur
J Hum Genet. 2005;13(8):894–7.
5. Thomas JW, Touchman JW, Blakesley RW, Bouffard GG, Beckstrom-Sternberg SM, Margulies
EH, et al. Comparative analyses of multi-species sequences from targeted genomic regions.
Nature. 2003;424(6950):788–93.
6. Esteller M. Non-coding RNAs in human disease. Nat Rev Genet. 2011;12(12):861–74.
7. Pasquinelli AE. MicroRNAs and their targets: recognition, regulation and an emerging reciprocal relationship. Nat Rev Genet. 2012;13(4):271–82.
8. Da Sacco L, Masotti A. Recent insights and novel bioinformatics tools to understand the role
of microRNAs binding to 5’ untranslated region. Int J Mol Sci. 2012;14(1):480–95.
9. Kozomara A, Grifﬁths-Jones S. miRBase: annotating high conﬁdence microRNAs using deep
sequencing data. Nucleic Acids Res. 2014;42(Database issue):D68–73.
10. Londin E, Loher P, Telonis AG, Quann K, Clark P, Jing Y, et al. Analysis of 13 cell types
reveals evidence for the expression of numerous novel primate- and tissue-speciﬁc microRNAs. Proc Natl Acad Sci U S A. 2015;112(10):E1106–15.

232

F.Z. Marques and F.J. Charchar

11. Marques FZ, Booth SA, Charchar FJ. The emerging role of non-coding RNA in essential
hypertension and blood pressure regulation. J Hum Hypertens. 2015;29(8):459–67.
12. Zampetaki A, Willeit P, Drozdov I, Kiechl S, Mayr M. Proﬁling of circulating microRNAs:
from single biomarkers to re-wired networks. Cardiovasc Res. 2012;93(4):555–62.
13. Tijsen AJ, Pinto YM, Creemers EE. Circulating microRNAs as diagnostic biomarkers for cardiovascular diseases. Am J Physiol Heart Circ Physiol. 2012;303(9):H1085–95.
14. Eisenberg E, Levanon EY. Human housekeeping genes, revisited. Trends Genet.
2013;29(10):569–74.
15. Li S, Zhu J, Zhang W, Chen Y, Zhang K, Popescu LM, et al. Signature microRNA expression
proﬁle of essential hypertension and its novel link to human cytomegalovirus infection.
Circulation. 2011;124(2):175–84.
16. Marques FZ, Morris BJ. Letter by Marques and Morris regarding article, “Signature microRNA
expression proﬁle of essential hypertension and its novel link to human cytomegalovirus infection”. Circulation. 2012;125(5):e337. author reply e8-9.
17. Karolina DS, Tavintharan S, Armugam A, Sepramaniam S, Pek SL, Wong MT, et al. Circulating
miRNA proﬁles in patients with metabolic syndrome. J Clin Endocrinol Metab.
2012;97(12):E2271–6.
18. Schiffrin EL. Immune mechanisms in hypertension and vascular injury. Clin Sci (Lond).
2014;126(4):267–74.
19. Penzkofer D, Bonauer A, Fischer A, Tups A, Brandes RP, Zeiher AM, et al. Phenotypic characterization of miR-92a-/- mice reveals an important function of miR-92a in skeletal development. PLoS One. 2014;9(6), e101153.
20. Gu Q, Wang B, Zhang XF, Ma YP, Liu JD, Wang XZ. Contribution of renin-angiotensin system to exercise-induced attenuation of aortic remodeling and improvement of endothelial
function in spontaneously hypertensive rats. Cardiovasc Pathol. 2014;23(5):298–305.
21. Gildea JJ, Carlson JM, Schoeffel CD, Carey RM, Felder RA. Urinary exosome miRNome
analysis and its applications to salt sensitivity of blood pressure. Clin Biochem. 2013;46(12):
1131–4.
22. Kontaraki JE, Marketou ME, Zacharis EA, Parthenakis FI, Vardas PE. Differential expression
of vascular smooth muscle-modulating microRNAs in human peripheral blood mononuclear
cells: novel targets in essential hypertension. J Hum Hypertens. 2014;28(8):510–6.
23. Kontaraki JE, Marketou ME, Zacharis EA, Parthenakis FI, Vardas PE. MicroRNA-9 and
microRNA-126 expression levels in patients with essential hypertension: potential markers of
target-organ damage. J Am Soc Hypertens. 2014;8(6):368–75.
24. Mandrafﬁno G, Imbalzano E, Sardo MA, D’Ascola A, Mamone F, Lo Gullo A, et al. Circulating
progenitor cells in hypertensive patients with different degrees of cardiovascular involvement.
J Hum Hypertens. 2014;28(9):543–50.
25. Yang Q, Jia C, Wang P, Xiong M, Cui J, Li L, et al. MicroRNA-505 identiﬁed from patients
with essential hypertension impairs endothelial cell migration and tube formation. Int J Cardiol.
2014;177(3):925–34.
26. Cengiz M, Karatas OF, Koparir E, Yavuzer S, Ali C, Yavuzer H, et al. Differential expression
of hypertension-associated microRNAs in the plasma of patients with white coat hypertension.
Medicine (Baltimore). 2015;94(13), e693.
27. Williams Z, Ben-Dov IZ, Elias R, Mihailovic A, Brown M, Rosenwaks Z, et al. Comprehensive
proﬁling of circulating microRNA via small RNA sequencing of cDNA libraries reveals biomarker potential and limitations. Proc Natl Acad Sci U S A. 2013;110(11):4255–60.
28. Hindson CM, Chevillet JR, Briggs HA, Gallichotte EN, Ruf IK, Hindson BJ, et al. Absolute
quantiﬁcation by droplet digital PCR versus analog real-time PCR. Nat Methods.
2013;10(10):1003–5.
29. Marques FZ, Campain AE, Tomaszewski M, Yang YHJ, Zukowska-Sczechowska E, Charchar
FJ, et al. Gene expression proﬁling reveals renin mRNA overexpression in human hypertensive
kidneys and a role for microRNAs. Hypertension. 2011;58:1093–8.

11

microRNAs in Essential Hypertension and Blood Pressure Regulation

233

30. Tomaszewski M, Charchar FJ, Lynch MD, Padmanabhan S, Wang WY, Miller WH, et al.
Fibroblast growth factor 1 gene and hypertension: from the quantitative trait locus to positional
analysis. Circulation. 2007;116(17):1915–24.
31. Tomaszewski M, Charchar FJ, Nelson CP, Barnes T, Denniff M, Kaiser M, et al. Pathway
analysis shows association between FGFBP1 and hypertension. J Am Soc Nephrol.
2011;22(5):947–55.
32. Eskildsen TV, Jeppesen PL, Schneider M, Nossent AY, Sandberg MB, Hansen PB, et al.
Angiotensin II regulates microRNA-132/-212 in hypertensive rats and humans. Int J Mol Sci.
2013;14(6):11190–207.
33. Santovito D, Mandolini C, Marcantonio P, De Nardis V, Bucci M, Paganelli C, et al.
Overexpression of microRNA-145 in atherosclerotic plaques from hypertensive patients.
Expert Opin Ther Targets. 2013;17(3):217–23.
34. Sethupathy P, Borel C, Gagnebin M, Grant GR, Deutsch S, Elton TS, et al. Human
microRNA-155 on chromosome 21 differentially interacts with its polymorphic target in the
AGTR1 3’ untranslated region: a mechanism for functional single-nucleotide polymorphisms
related to phenotypes. Am J Hum Genet. 2007;81(2):405–13.
35. Ceolotto G, Papparella I, Bortoluzzi A, Strapazzon G, Ragazzo F, Bratti P, et al. Interplay
between miR-155, AT1R A1166C polymorphism, and AT1R expression in young untreated
hypertensives. Am J Hypertens. 2011;24(2):241–6.
36. Elton TS, Sansom SE, Martin MM. Cardiovascular disease, single nucleotide polymorphisms,
and the renin angiotensin system: is there a microRNA connection? Int J Hypertens.
2010;2010(2010):281692.
37. Nossent AY, Hansen JL, Doggen C, Quax PH, Sheikh SP, Rosendaal FR. SNPs in microRNA
binding sites in 3’-UTRs of RAAS genes inﬂuence arterial blood pressure and risk of myocardial infarction. Am J Hypertens. 2011;24(9):999–1006.
38. Maharjan S, Mopidevi B, Kaw MK, Puri N, Kumar A. Human aldosterone synthase gene
polymorphism promotes miRNA binding and regulates gene expression. Physiol Genomics.
2014;46(24):860–5.
39. Mopidevi B, Ponnala M, Kumar A. Human angiotensinogen +11525 C/A polymorphism modulates its gene expression through microRNA binding. Physiol Genomics. 2013;45(19):
901–6.
40. Yang Z, Venardos K, Jones E, Morris BJ, Chin-Dusting J, Kaye DM. Identiﬁcation of a novel
polymorphism in the 3’UTR of the L-arginine transporter gene SLC7A1: contribution to
hypertension and endothelial dysfunction. Circulation. 2007;115(10):1269–74.
41. Yang Z, Kaye DM. Mechanistic insights into the link between a polymorphism of the 3’UTR
of the SLC7A1 gene and hypertension. Hum Mutat. 2009;30(3):328–33.
42. Wang L, Rao F, Zhang K, Mahata M, Rodriguez-Flores JL, Fung MM, et al. Neuropeptide
Y(1) Receptor NPY1R discovery of naturally occurring human genetic variants governing
gene expression in cella as well as pleiotropic effects on autonomic activity and blood pressure
in vivo. J Am Coll Cardiol. 2009;54(10):944–54.
43. O’Connor DT, Zhu G, Rao F, Taupenot L, Fung MM, Das M, et al. Heritability and genomewide linkage in US and Australian twins identify novel genomic regions controlling chromogranin a: implications for secretion and blood pressure. Circulation. 2008;118(3):247–57.
44. Wei Z, Biswas N, Wang L, Courel M, Zhang K, Soler-Jover A, et al. A common genetic variant
in the 3’-UTR of vacuolar H + -ATPase ATP6V0A1 creates a microRNA motif to alter chromogranin A processing and hypertension risk. Circ Cardiovasc Genet. 2011;4(4):381–9.
45. Arora P, Wu C, Khan AM, Bloch DB, Davis-Dusenbery BN, Ghorbani A, et al. Atrial natriuretic peptide is negatively regulated by microRNA-425. J Clin Invest.
2013;123(8):3378–82.
46. Hanin G, Shenhar-Tsarfaty S, Yayon N, Hoe YY, Bennett ER, Sklan EH, et al. Competing
targets of microRNA-608 affect anxiety and hypertension. Hum Mol Genet.
2014;23(17):4569–80.

234

F.Z. Marques and F.J. Charchar

47. Ghanbari M, Franco OH, de Looper H, Hofman A, Erkeland S, Dehghan A. Genetic variations
in miRNA binding sites affect miRNA-mediated regulation of several genes associated with
cardiometabolic phenotypes. Circ Cardiovasc Genet. 2015;8(3):473–86.
48. Fu X, Guo L, Jiang ZM, Zhao LS, Xu AG. An miR-143 promoter variant associated with
essential hypertension. Int J Clin Exp Med. 2014;7(7):1813–7.
49. Ghanbari M, de Vries PS, de Looper H, Peters MJ, Schurmann C, Yaghootkar H, et al. A
genetic variant in the seed region of miR-4513 shows pleiotropic effects on lipid and glucose
homeostasis, blood pressure, and coronary artery disease. Hum Mutat. 2014;35(12):1524–31.
50. Han F, Konkalmatt P, Chen J, Gildea J, Felder RA, Jose PA, et al. miR-217 Mediates the protective effects of the dopamine d2 receptor on ﬁbrosis in human renal proximal tubule cells.
Hypertension. 2015;65(5):1118–25.
51. Ostchega Y, Dillon CF, Hughes JP, Carroll M, Yoon S. Trends in hypertension prevalence,
awareness, treatment, and control in older U.S. adults: data from the National Health and
Nutrition Examination Survey 1988 to 2004. J Am Geriatr Soc. 2007;55(7):1056–65.
52. Wang H, He T, Wu C, Zhong PS, Cui Y. A powerful statistical method identiﬁes novel loci
associated with diastolic blood pressure triggered by nonlinear gene-environment interaction.
BMC Proc. 2014;8 Suppl 1:S61.
53. Fernandes T, Magalhaes FC, Roque FR, Phillips MI, Oliveira EM. Exercise training prevents
the microvascular rarefaction in hypertension balancing angiogenic and apoptotic factors: role
of microRNAs-16, -21, and -126. Hypertension. 2012;59(2):513–20.
54. Sequeira-Lopez ML, Weatherford ET, Borges GR, Monteagudo MC, Pentz ES, Harfe BD,
et al. The microRNA-processing enzyme dicer maintains juxtaglomerular cells. J Am Soc
Nephrol. 2010;21(3):460–7.
55. Xin M, Small EM, Sutherland LB, Qi X, McAnally J, Plato CF, et al. MicroRNAs miR-143
and miR-145 modulate cytoskeletal dynamics and responsiveness of smooth muscle cells to
injury. Genes Dev. 2009;23(18):2166–78.
56. Albinsson S, Skoura A, Yu J, DiLorenzo A, Fernandez-Hernando C, Offermanns S, et al.
Smooth muscle miRNAs are critical for post-natal regulation of blood pressure and vascular
function. PLoS One. 2011;6(4), e18869.
57. Davern PJ, Nguyen-Huu TP, La Greca L, Abdelkader A, Head GA. Role of the sympathetic
nervous system in Schlager genetically hypertensive mice. Hypertension. 2009;54(4):852–9.
58. Jackson KL, Marques FZ, Watson AM, Palma-Rigo K, Nguyen-Huu TP, Morris BJ, et al. A
novel interaction between sympathetic overactivity and aberrant regulation of renin by miR181a in BPH/2J genetically hypertensive mice. Hypertension. 2013;62(4):775–81.
59. Jackson KL, Marques FZ, Nguyen-Huu TP, Stevenson ER, Charchar FJ, Davern PJ, et al.
MicroRNA-181a mimic inhibits the renin-angiotensin system and attenuates hypertension in a
neurogenic model of hypertension. High Blood Pressure Research Scientiﬁc Sessions 2014,
San Francisco. 9–12 September 2014.
60. Fan ZD, Zhang L, Shi Z, Gan XB, Gao XY, Zhu GQ. Artiﬁcial microRNA interference targeting AT(1a) receptors in paraventricular nucleus attenuates hypertension in rats. Gene Ther.
2012;19(8):810–7.
61. Nossent AY, Eskildsen TV, Andersen LB, Bie P, Bronnum H, Schneider M, et al. The 14q32
microRNA-487b targets the antiapoptotic insulin receptor substrate 1 in hypertension-induced
remodeling of the aorta. Ann Surg. 2013;258(5):743–51. discussion 52–3.
62. Cowley Jr AW, Roman RJ, Kaldunski ML, Dumas P, Dickhout JG, Greene AS, et al. Brown
Norway chromosome 13 confers protection from high salt to consomic Dahl S rat. Hypertension.
2001;37(2 Part 2):456–61.
63. Liu Y, Taylor NE, Lu L, Usa K, Cowley Jr AW, Ferreri NR, et al. Renal medullary microRNAs
in Dahl salt-sensitive rats: miR-29b regulates several collagens and related genes. Hypertension.
2010;55(4):974–82.
64. Castoldi G, Di Gioia CR, Bombardi C, Catalucci D, Corradi B, Gualazzi MG, et al. MiR-133a
regulates collagen 1A1: potential role of miR-133a in myocardial ﬁbrosis in angiotensin
II-dependent hypertension. J Cell Physiol. 2012;227(2):850–6.

11

microRNAs in Essential Hypertension and Blood Pressure Regulation

235

65. Ling S, Nanhwan M, Qian J, Kodakandla M, Castillo AC, Thomas B, et al. Modulation of
microRNAs in hypertension-induced arterial remodeling through the β1 and β3-adrenoreceptor
pathways. J Mol Cell Cardiol. 2013;65:127–36.
66. Friese RS, Altshuler AE, Zhang K, Miramontes-Gonzalez JP, Hightower CM, Jirout ML, et al.
MicroRNA-22 and promoter motif polymorphisms at the Chga locus in genetic hypertension:
functional and therapeutic implications for gene expression and the pathogenesis of hypertension. Hum Mol Genet. 2013;22(18):3624–40.
67. Sahu BS, Sonawane PJ, Mahapatra NR. Chromogranin A: a novel susceptibility gene for
essential hypertension. Cell Mol Life Sci. 2010;67(6):861–74.
68. Wahlquist C, Jeong D, Rojas-Munoz A, Kho C, Lee A, Mitsuyama S, et al. Inhibition of miR25 improves cardiac contractility in the failing heart. Nature. 2014;508(7497):531–5.
69. Delles C, McBride MW, Graham D, Padmanabhan S, Dominiczak AF. Genetics of hypertension: from experimental animals to humans. Biochim Biophys Acta. 2010;1802(12):1299–308.
70. Fagard R, Brguljan J, Staessen J, Thijs L, Derom C, Thomis M, et al. Heritability of conventional and ambulatory blood pressures. A study in twins. Hypertension. 1995;26(6 Pt
1):919–24.
71. Snieder H, Harshﬁeld GA, Treiber FA. Heritability of blood pressure and hemodynamics in
African- and European-American youth. Hypertension. 2003;41(6):1196–201.
72. Zeegers MP, Rijsdijk F, Sham P, Fagard R, Gielen M, De Leeuw PW, et al. The contribution of
risk factors to blood pressure heritability estimates in young adults: the east ﬂanders prospective twin study. Twin Res. 2004;7(3):245–53.
73. Kupper N, Willemsen G, Riese H, Posthuma D, Boomsma DI, de Geus EJ. Heritability of
daytime ambulatory blood pressure in an extended twin design. Hypertension. 2005;
45(1):80–5.
74. Wang X, Ding X, Su S, Harshﬁeld G, Treiber F, Snieder H. Genetic inﬂuence on blood pressure measured in the ofﬁce, under laboratory stress and during real life. Hypertens Res.
2011;34(2):239–44.
75. Hottenga JJ, Whitﬁeld JB, de Geus EJ, Boomsma DI, Martin NG. Heritability and stability of
resting blood pressure in Australian twins. Twin Res Hum Genet. 2006;9(2):205–9.
76. Lawlor DA, Smith GD. Early life determinants of adult blood pressure. Curr Opin Nephrol
Hypertens. 2005;14(3):259–64.
77. Khan NA, Hemmelgarn B, Herman RJ, Rabkin SW, McAlister FA, Bell CM, et al. The 2008
Canadian hypertension education program recommendations for the management of hypertension: part 2-therapy. Can J Cardiol. 2008;24(6):465–75.
78. Hirt MN, Hansen A, Eschenhagen T. Cardiac tissue engineering: state of the art. Circ Res.
2014;114(2):354–67.
79. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al. Natural RNA
circles function as efﬁcient microRNA sponges. Nature. 2013;495(7441):384–8.
80. Juan L, Wang G, Radovich M, Schneider BP, Clare SE, Wang Y. Potential roles of microRNAs
in regulating long intergenic noncoding RNAs. BMC Med Genomics. 2013;6 Suppl 1:S7.
81. Iaconetti C, Gareri C, Polimeni A, Indolﬁ C. Non-coding RNAs: the “dark matter” of cardiovascular pathophysiology. Int J Mol Sci. 2013;14(10):19987–20018.
82. Gupta SK, Piccoli MT, Thum T. Non-coding RNAs in cardiovascular ageing. Ageing Res Rev.
2014;17C:79–85.

Chapter 12

microRNA and Pulmonary Hypertension
Olivier Boucherat, François Potus, and Sébastien Bonnet

Abstract Pulmonary arterial hypertension (PAH) is a lethal vasculopathy associated
with complex etiology that involves remodeling of distal pulmonary arteries leading
to elevation of pulmonary vascular resistance. This process results in right ventricular
(RV) hypertrophy and ultimately RV failure. In addition, PAH is associated with systemic impairment in the skeletal muscle contributing to exercise intolerance. It has
only been a few decades since microRNAs (miRNAs) have been implied in the development and progression of PAH regarding every organ affected by the disease. Indeed,
impairment of miRNA’s expression has been involved in vascular cell remodeling
processes such as adventitial ﬁbroblast (AdvFB) migration; pulmonary arterial smooth
muscle cell (PASMC) proliferation and pulmonary arterial endothelial cell (PAEC)
dysfunction observed in PAH. At the molecular level miRNAs have been described in
the control of ion channels and mitochondrial function as well as the regulation of the
BMPR2 signaling pathways contributing to PAH lung impairment. Recently miRNAs
have also been speciﬁcally implicated in RV dysfunction and systemic angiogenic
impairment, observed in PAH. In this chapter, we will summarize the knowledge on
miRNA in PAH and highlight their crucial role in the etiology of this disease.
Keywords PAH • microRNA • Lung • Right ventricle • PASMC • PAEC

Introduction
Pulmonary arterial hypertension (PAH) is a debilitating cardiopulmonary disorder
of various origins, deﬁned as an increase in pulmonary artery pressure ≥25 mmHg
at rest [1]. PAH is classiﬁed into ﬁve groups based on hemodynamic criteria, etiology, and response to treatments [2]. Although associated with a range of underlying
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etiologies, all forms of PAH share a common pulmonary arteriopathy characterized
by vasoconstriction, remodeling of the precapillary pulmonary vessel wall, and the
subsequent obliteration of the vascular lumen. These alterations are responsible for
the rise in pulmonary vascular resistance, compensatory right ventricular (RV)
hypertrophy, and ultimately death [3]. In addition, PAH is accompanied by signiﬁcant exercise intolerance contributing to a poor quality of life [4]. Although the
pathogenesis of PAH is recognized as a complex and multifactorial process, numerous data have been accumulated demonstrating that endothelial cell dysfunction
originating from genetic and environmental factors promotes the release of vasoconstrictors and mitogens that in turn triggers pulmonary vascular cells contraction,
proliferation and resistance to apoptosis [5]. Nevertheless, the underlying molecular
mechanisms remain elusive. In spite of recent progress in our understanding of the
pathophysiological mechanisms involved in this disease and major improvements
in symptomatic treatments, no substantial modiﬁcation of the rapid progression and
fatal course of this disease has been achieved. Thus, there is a pressing need to characterize new potential therapeutic targets. The discovery of micro-RNA (miRNA)
and their function in regulating gene expression constitutes a major breakthrough in
medical science. In regulating all cellular processes in which they have been tested,
implication of miRNA in the development and progression of various diseases has
gained a lot of interest during the last years, and PAH is no exception. This section
summarizes current knowledge regarding the implication of miRNA in signaling
pathways involved in PAH pathogenesis (Fig. 12.1).
PAH may occur as a primary rare disease or as a common and severe complication of various cardiac, pulmonary, or systemic conditions. At the histopathological
level, PAH is characterized by a thickening of the vessel wall due to abnormal and
uncontrolled growth of resident cells. Pulmonary arterial endothelial cell (PAEC)
dysfunction is thought to be a key event in the development of PAH in participating
to the proliferative and apoptosis-resistant phenotype of pulmonary arterial smooth
muscle cells (PASMCs).
Imbalances between circulating and locally produced vasodilatators and vasoconstrictors, mitogenic factors and growth inhibitors, associated with excessive vascular remodeling, are proposed as the underlying processes responsible for the
elevated pulmonary vascular resistance seen in PAH [6]. Endothelial injuries,
caused by genetic or environmental factors, mechanical stress or immune and
inﬂammatory mechanisms, lead to hypertrophy and hyperplasia of PASMCs.
PAECs and PASMCs from PAH patients exhibit dysmorphic and hyperpolarized
mitochondria and a glycolytic shift in metabolism, also designated Warburg effect
[7]. It has been demonstrated that persistent activation of STAT3 accounts for the
activation of several proteins such as HIF1α and NFAT, which in turn triggers the
expression of survivin and Pim1, two proto-oncogenes contributing to the metabolic
shift and the pro-migratory, pro-proliferative and antiapoptotic phenotype of PAHPASMC [8–10]. In addition to others factors, inhibition of potassium (K+) channels
and inﬂux of calcium (Ca2+) play a critical role in mediating these effects [11].
Although the pathogenesis of PAH is not completely elucidated and is still
explored, compelling evidence indicate that aberrant alterations of miRNA is
involved in the development and onset on PAH [12–14].
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Fig. 12.1 Schematic overview of the miRNAs implicated in PAH etiology. PAECs pulmonary
arterial endothelial cells, PASMCs pulmonary arterial smooth muscle cells, AdvFBs adventitial
ﬁbroblast, LV left ventricle, RV right ventricle
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microRNA in PAH Lungs
Implication of microRNAs in Endothelial Integrity
BMPR2 Signaling Pathway
The bone morphogenetic signaling received great interest by researchers because of
the identiﬁcation of heterozygous germline mutations in the gene coding for the
bone morphogenetic protein (BMP) type-2 receptor (BMPR2), a receptor for the
transforming growth factor (TGF)-beta superfamily [15, 16]. The BMPR2 mutation
has been found to account for approximately 70 % of familial PAH and for approximately 25 % of idiopathic PAH. The implication of BMPR2 signaling is further
strengthened by a case report describing a Smad 8 gene (a downstream mediator of
BMPR2) mutation in a patient with sporadic PAH [17]. The penetrance of PAH in
patients carrying a BMPR2 mutation is incomplete suggesting that epigenetic or
environmental factors inﬂuence its effect. This mutation confers a reduction in
BMPR2 signaling activity and elicits different effects in cell types. In PASMCs,
BMP signals via a Smad-dependent pathway to inhibit proliferation. In PAECs,
BMPR2 mutation induces mitochondrial dysfunction, increases the susceptibility of
cells to apoptosis that destabilizes the endothelial barrier and triggers a complex
cascade of events leading to apoptosis-resistant endothelial cell proliferation and
occlusive vascular remodeling (plexiform lesions) [15].
In addition, PAEC dysfunction stimulates the release of vasoconstrictors and
growth factors (FGF2, PDGF…) with pro-proliferative effects on PASMCs [18–
20]. Mechanistically, reduced BMPR2 signaling disrupts β-catenin/PPARγ interaction leading to the downregulation of apelin (APLN) gene expression. The latter
was reported to promote PAEC survival in an autocrine fashion and to exert a paracrine action in inhibiting PASMC growth [21]. In line with these data, Kim and
collaborators established an endothelial apelin-FGF link mediated by miR-424 and
miR-503 [22]. They conﬁrmed previous ﬁndings showing reduced expression of
APLN is PAECs of patients with PAH and demonstrated that APLN knockdown in
control PAECs promotes the expression of FGF2 and FGFR1 through the downregulation of miR-424/503 [21, 22]. miR-404 and miR-503 negatively regulated
PAEC proliferation and inhibited the capacity of PAEC-conditioned medium to
induce the proliferation of PASMCs. In direct connection with PAH, miR-424/503
were reduced in PAECs derived from patients with PAH as compared to PAECs
from control specimens and FGF2/FGFR1 displayed inverse transcript correlation.
Similar results were obtained in experimental PAH models allowing for their use in
therapeutic interventions. Sustained elevation of miR-424/503 expression in the
experimental PAH models by intranasal lentiviral delivery prevented elevation of
right ventricular systolic pressure (an indicator of the severity of PAH) and reversed
vascular remodeling. These observations suggest that restoration of miR-424/503
function may provide clinical beneﬁt in PAH [22].
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Further miRNAs, such as miR-130/301 family and miR17/92 cluster, have been
described to regulate the BMPR2-β-catenin/PPARγ-Apelin signaling pathway and
thus to participate in PAH progression. Through a network-based approach to decipher the involvement of miRNAs in PAH pathogenesis, miR-130/301 were identiﬁed as critical regulators of vascular homeostasis by inhibiting PPARγ [23, 24]. The
miR-130/301 family was upregulated in PAECs under hypoxia and inﬂammatory
stimuli (two known triggers of pulmonary hypertension) as well as in cells transfected with BMPR2 siRNA. The direct repression of PPARγ expression mediated
by miR-130/301 upregulation was accompanied by reduced APLN and miR424/503 expression and increased FGF2. Consistently, miR-130 mimics augmented
PAEC proliferation and this effect was reversed by forced expression of PPARγ or
miR-424/503. The expression level of miR-130/301 was upregulated in diverse
forms of human PAH as well as in multiple models of the disease. Both gain-offunction and loss-of-function approaches were employed to investigate the functional contribution of miR-130/301 in vivo. The authors demonstrated that chronic
miR-130/301 instillation in mice is sufﬁcient to induce pulmonary hypertension in
a PPARγ-dependent manner. A contrario, anti-miR oligonucleotides injections
reversed PH in mice [23]. Together, these ﬁndings revealed miR-130/301 as a key
player in PAH, orchestrating subordinate miRNA and target gene network to control
cell proliferation and PAH manifestation in vivo.
A reduced level of BMPR2 signaling in pulmonary arteries (PAECs and
PASMCs) is a common denominator of PAH, even when BMPR2 gene mutations
were not identiﬁed. Given that hypoxia and inﬂammatory mediators were found to
diminish the expression of BMPR2 at the translational level without affecting the
levels of corresponding mRNA, a posttranscriptional mechanism of regulation
mediated by miRNA was hypothesized [25, 26]. Using bioinformatics tools, several
miRNAs encoded by the miR-17/92 polycistronic cluster were retrieved as potential
regulators. To conﬁrm the predicted value on a functional basis, BMPR2 protein
level was examined after overexpression of the entire cluster. A signiﬁcant reduction in BMPR2 protein was observed. A more detailed analysis revealed that miR17-5p and miR-20a were mainly responsible for this modulation. Moreover, the
expresses levels of C13orf25 (the primary transcript of miR-17/92) was upregulated
by interleukin-6 (IL-6) implicated in the pathogenesis of PAH via the activation of
the transcription factor STAT3 [26, 27].
Using an in silico approach aiming at the BMPR2-speciﬁc identiﬁcation of regulatory miRNAs, miR-125a was selected. Consistently with its implication in pulmonary hypertension, levels of miR-125a, highly expressed in endothelial cells, were
elevated in lung tissue of hypoxic animals. Functional inhibition of miR-125 in
PAECs enhanced proliferation of these cells associated with upregulation of BMPR2
and reduced expression of the tumor suppressors CDKN1A (p21) and CDKN2A
(p16) [28]. Accordingly, transfection with miR-125a inhibitor enhanced human
umbilical vascular endothelial cells (HUVECs) proliferation and resistance to
apoptosis, and promoted tube formation in Matrigel, suggesting that reduction of
miR-125a has a pro-angiogenic effect [29].
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A central regulatory role of miR-21, abundantly expressed in the endothelium,
was delineated by several studies. Hypoxia and BMPR2 signaling independently
upregulated miR-21 in human PAECs and paradoxically, forced expression of miR21 decreased BMPR2 expression highlighting a reciprocal feedback loop [29, 30].
Interestingly, miR-21 processing was completely blocked by knockdown of the
BMPR2 downstream mediator smad8 [31]. Furthermore, miR-21 was shown to
directly repress Rho kinase activity favoring vasodilatation. As suggested by a network bioinformatics approach, miR-21 was increased in remodeled pulmonary vessels of animal models of PAH and human PAH [30, 32]. Nevertheless, compared to
control littermates, miR-21−/− mice displayed exaggerated manifestations of pulmonary hypertension when exposed to a combination of Sugen5416 and chronic
hypoxia [30]. The detrimental effects of miR-21 loss of function under pathological
conditions appears to result from the functional induction of programmed cell death
4 (PDCD4, a tumor suppressor)/caspase-3 axis. In serum-deﬁcient PAECs, miR-21
mimic transfection repressed induction of its target PDCD4, to consequently inhibit
caspase-3 activation. Likewise, in vivo miR-21 silencing by chronic delivery of
anti-miR-21 or by genetic inactivation (miR-21−/− mice) was accompanied by elevated PDCD4 levels coupled with the enhanced detection of cleaved caspase-3.
Consistently with prior ﬁndings, miR-21 loss of function caused the progressive
onset of PAH in vivo, a phenotype abolished in mice overexpressing miR-21 [33].
From these observations, induced miR-21 expression in PAECs could be interpreted
as a rescue mechanism to counteract progression of PAH.
Collectively, these data provide a view of the combinatorial effort of miRNAs to
control the BMPR2 signaling pathway at different levels to impact endothelial cell
behavior. Reciprocally, BMPR2 signaling impacts miRNA processing.

miRNA-210 and Mitochondrial Dysfunction
Besides miR-424/503 and miR-130/301, a )direct mechanistic )evidence for the role
of miR-210 in PAH was highlighted. miR-210 was found robustly induced by
hypoxia in human PAECs. The authors reported that miR-210 directly repressed the
expression of iron-sulfur cluster assembly proteins (ISCU1/2), controlling mitochondrial metabolic functions [34]. Based on current knowledge pinpointing mitochondrial dysfunction and iron homeostasis as key factors in PAH development
[35–37], White and collaborators demonstrated that alterations of the miR-210ISCU1/2 axis cause iron-sulfur deﬁciencies in vivo and promote pulmonary hypertension. Importantly, the authors showed that pulmonary vascular overexpression of
miR-210, achieved by intrapharyngial delivery of miR-210 mimic, represses
ISCU1/2 levels and induces vascular remodeling reminiscent of PAH. These abnormalities were phenocopied after ISCU1/2 knockdown underscoring the importance
of ISCU1/2 and iron-sulfur biogenesis in PAH. Finally, they undertook a translational study using preclinical models of PAH to address the potential therapeutic
beneﬁt of miR-210 inhibition. The authors reported that the genetic inactivation of
miR-210 protects mice against the development of PAH and corroborated these
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results in a pharmacological approach using miR-210 inhibitors [38]. Together,
these eloquent results provide a solid foundation for the initiation of human clinical
trials in human PAH.

Implication of microRNAs in the Pro-proliferative
and Apoptosis-Resistant Phenotype of PAH PASMCs
As stated above, one of the most prominent features of PAH is the medial hypertrophy and adventitial thickening of pulmonary arteries due to the pro-proliferative and
antiapoptotic phenotype of PASMCs. Although these defects have been the target of
considerable research and clinical attention, the underlying mechanisms remain
incompletely understood. It is nonetheless established that several signaling pathways are responsible for the cancer-like phenotype of PAH PASMCs. Alterations of
numerous miRNA in targeting several members of a given pathway or multiple
targets in converging pathways have been reported to impact PASMC behavior.
There is substantial evidence that place the signal transducer and activator of
transcription 3 (STAT3) at the center of a hub for integrating different signals and
regulating energy metabolism, growth, and survival in PASMCs [39–41]. In PAHPASMCs, STAT3 activation in response to a wide array of stimuli such as IL-6,
tumor necrosis factor alpha (TNFα), endothelin-1 (ET1), and PDGF is mediated
through the Janus family kinase (JAK) or Src. Persistent activation of STAT3 is a
hallmark of PAH and participate to the activation of NFAT, HIF1α, Pim1, KLF5/
survivin, all involved in aberrant PASMC proliferation and resistance to apoptosis
[40, 42, 43]. Comparison of miRNA expression proﬁles between PASMCs isolated
from distal pulmonary arteries of PAH patients and healthy donors revealed a
marked depression of miR-204 expression in PAH. Mainly restricted to PASMCs in
the lung, miR-204 was found systematically reduced in human PAH and rodent
models of the disease. The study demonstrated that STAT3 activation suppresses
miR-204 expression, and miR-204 directly targets SHP2, a positive regulator of
SRC family kinase activity. Thus, through the downregulation of miR-204 and the
upregulation of SHP2, STAT3 enhances a positive feedback loop sustaining its own
activation [41]. Further analysis demonstrated that miR-204 restoration in PAHPASMCs was associated with decreased [Ca2+]i and depolarization of the mitochondrial membrane potential reversing the pro-proliferative and antiapoptotic phenotype
of PAH-PASMCs. A major strength of the study was the ﬁnding that nebulization of
synthetic miR-204 in rats with established monocrotaline (MCT)-induced PAH can
reverse symptoms of the disease, as illustrated by reduced medial wall thickness and
improvement in mean pulmonary artery pressure. In an opposite manner, miR-204
antagomiR nebulization in control rats induced PAH development [41]. It was also
observed that sustained DNA damage and miR-223 defect observed in PAH-PASMCs
accounts for a poly [ADP-ribose] polymerase 1 (PARP-1)-dependent downregulation of miR-204 [44, 45]. Moreover, miR-130/301 involved in the repression of

244

O. Boucherat et al.

miR-424/503 in PAECs also suppresses miR-204 in PASMCs indicating that miR204 is subject to multiple regulatory systems [21]. These in-depth studies incriminate suppression of miR-204 expression as a cardinal contributor of PAH.
Reduced pulmonary expression of miR-30c and miR-206 is also a feature of
mice exposed to hypoxia. After in vitro inhibition of miR-30c, control PASMCs
adopted a PAH-PASMC like phenotype characterized by enhanced cell proliferation
and reduced apoptosis. Mechanically, the authors demonstrated that these effects
are mediated through the inhibition of platelet-derived growth factor receptor beta
(PDGFRβ) expression by directly binding to the 3′ untranslated region of the transcript [46]. Similar conclusions were reached for miR-206, except that the latter
was shown to reduce NOTCH3 expression [47]. Although the contribution of miR30c and miR-206 has not been explored in experimental PAH models, the demonstrated implication of PDGF and NOTCH signaling in PAH supports the notion that
miR-30c and miR-206 may represent two new therapeutic targets in hypoxiainduced PAH [48–50].
miR-145 expression was speciﬁcally localized by in situ hybridization within the
smooth muscle layer of vessels and bronchi of control mice. Its robust upregulation
under hypoxia exposure suggested a role of the latter in PAH. Its contribution in
PAH was examined using genetically modiﬁed mice. Compared to wild-type mice,
miR-145−/− mice did not display systolic right ventricular pressure and right ventricular hypertrophy in response to hypoxia. Pulmonary vascular remodeling was
also reduced in these mice indicating protection against the development of PAH.
These ﬁndings were replicated by pharmacological manipulation of miR-145 using
a speciﬁc antagomiR. In human pulmonary arteries, miR-145 was conﬁned to
PASMCs and signiﬁcantly elevated in lungs of patients with primary PAH, conﬁrming animal model ﬁndings. Whereas anti-miR-driven downregulation or miR-145
mimic transfection failed to inﬂuence BMPR2 expression in PASMCs, siRNA
knockdown of BMPR2 induced a marked upregulation of miR-145, indicating that
miR-145 acts downstream of BMPR2 signaling. Consistently, mice harboring a heterozygous BMPR2 tail domain mutation (BMPR2R899X/+) and spontaneously developing PAH presented high expression levels of miR-145 [51].
As observed in PAECs, miR-21 expression is also upregulated in PASMCs after
hypoxia exposure. miR-21 is essential for hypoxia-induced cell proliferation, resistance to apoptosis, and migration. Expression of PDCD4 and sprouty homolog 2
(SPRY2, a suppressor of Ras/MAPK signaling), two target genes of miR-21, were
decreased in hypoxia and in PASMCs overexpressing miR-21 in normoxia and
increased in hypoxic cells in which miR-21 was knocked down [32, 52]. Taken
together, these data underscore a signiﬁcant role of miR-21 in hypoxia-induced
PASMCs proliferation and migration by regulating multiple gene targets. Since
PDCD4 is also a target of miR-21 is PAECs, these data indicate that miR-21 exerts
similar effects independently of the cell type (PAECs or PASMCs). However, contrary to PAECs, the upregulation of miR-21 in PASMCs appears harmful [33]. The
opposite roles of miR-21 in these different cell types may explain conﬂicting results
obtained in PAH animal models after miR-21 knockdown [30, 32, 33].
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Based on the fact that (1) elevated expression of miR-17 and miR-20a belonging
to the miR-17/92 cluster was evoked to be responsible for the abnormal phenotype
of PAH-PASMCs and (2) enforced expression of miR-17/92 exhibits strong tumorigenic activity in multiple models, Chen and collaborators examined the PASMCspeciﬁc contribution of the cluster to the pathogenesis of PAH [53, 54]. To do so, a
mouse model of conditional inactivation of miR-17/92 in smooth muscle cells was
generated. In vivo targeted deletion of miR-17/92 attenuated the hypoxia-induced
increases in right ventricular pressure, right ventricular hypertrophy, and pulmonary
arterial thickness. This beneﬁcial effect was explained by in vitro ﬁndings showing
that miR-17/92 lentiviral infection promotes proliferation and smooth muscle cell
markers (αSMA, Calponin, SM22α) expression in normal PASMCs. This study
identiﬁed PDZ and LIM domain protein 5 (PDLIM5) as a negative regulator of
SMC-differentiated phenotype via a TGFβ3/Smad3 signaling and a direct target of
miR-17/92 in human PASMC. The authors reported a biphasic regulation of miR17/92 expression characterized by an early transient induction and a late phase
reduction potentially reﬂecting a ﬁrst causal and a subsequent adaptive response to
inhibit further progression of pulmonary hypertension [55]. This temporal divergence during PAH progression needs to be further clariﬁed.

microRNAs and Ion Channels in PAH
Implication of K+ channels) (especially voltage-gated and two pore K+ channels) in
the )etiology pulmonary hypertension has been )described around 20 years ago
[56]. Inhibition of K+ channels secondary to hypoxia or key pathogenic factors
(such as endothelin-1 and serotonin) causes cell depolarization and calcium entry.
Increased levels of intracellular K+ and Ca2+ triggers pulmonary vasoconstriction
and stimulate PASMC proliferation as well as resistance to apoptosis. Initially
selected for their upregulation under hypoxia, miR-190 and miR-29b are mainly
expressed in PASMCs. Voltage-gated potassium channels Kv7.5 and Kv1.5 were
found to be regulated by miR-190 and miR-29b, respectively [57, 58]. miR-190
transfection remarkably enhanced the vasoconstriction responses to phenylephrine
and KCl of endothelium-denuded pulmonary artery rings and produced an increase
in cytosolic free Ca2+ concentration in PASMCs [57]. Contrary to miR-190 and
miR-29b, miR-328 showed opposite changes in expression with a signiﬁcant diminution in rat subjected to hypoxia and in pulmonary arteries (PA) from PAH patients
[59]. Under both normoxic and hypoxic conditions, transgenic mice overexpressing miR-328 under the control of smooth muscle-myosin heavy chain (SM-MHC)
regulatory sequences exhibited reduced right ventricular systolic pressure and wall
thickness compared to wild-type mice. In rat PASMCs, overexpression of miR-328
induced cell apoptosis and western blot analysis coupled with luciferase reporter
assays established that miR-328 targets insulin growth factor 1 receptor (IGF1R)
and the L-type calcium channel α1C (CaV1.2), a major Ca2+ entry pathway in
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smooth muscle cells. As CaV1.2 expression is reduced in PA from hypoxic rats, the
study provided direct evidences that chronic hypoxia induced PA constriction and
remodeling via a miR-328/CaV1.2 axis [59].

Protective Role of miR-193 on PAH-Induced Pulmonary
and Cardiac Abnormalities
Biological metabolites of arachidonic and linoleic acids, such as hydroxyeicosatetraenoic (HETE) and hydroxyoctadecadienoic (HODE) acids, have been found to
stimulate growth and resistance to apoptosis in many cell types including pulmonary vascular smooth muscle cells [60, 61]. Apolipoprotein A-I (apoA-I) mimetic
peptides (4F) that bind proinﬂammatory lipids and decrease their levels have been
developed and displayed therapeutic potential for reversing atherosclerosis in animal models and humans [62]. Based on biological properties of 4F, Sharma and
collaborators examined the potential beneﬁt of 4F treatment in PAH models. In their
study, 4F was shown to rescue advanced PAH by improving cardiac and pulmonary
structure and function. The corrective effects of 4F were accompanied by a restoration of miR-193 levels, diminished in lung and plasma of PAH patients and models.
As stated for miR-328 (see above), miR-193 directly targets IGF1R, and its overexpression in PAH-PASMCs tempered proliferation. Intratracheal administration of
miR-193 mimics was shown to reverse symptoms of PAH on both MCT and hypoxia
models highlighting the direct contribution of miR-193 in the beneﬁcial effects
mediated by 4F. Finally, the authors revealed that HETE and HODE acids induce
the expression of the retinoid X receptor alpha which silence miR-193 expression
by binding to its promoter [63].

miRNA-124 Governs the Proliferative, Migratory,
and Inflammatory Phenotype of PAH-Fibroblasts
In addition to endothelial and smooth muscle cells, adventitial ﬁbroblast (AdvFBs)
is another major cell type deregulated in PAH. Insights have emphasized the role of
AdvFBs in controlling arterial remodeling through the liberation of cytokines, chemokines, and mitogenic factors but relatively few studies have investigated the role
of miRNAs in the acquired and stable changes of this phenotype [64]. In a candidate
approach based on literature, the contribution of miR-124 in the activated phenotype of pulmonary AdvFBs was explored. As expected, a robust decrease expression of miR-124 was noted in highly proliferative and promigratory PAH-AdvFBs
compared to control ﬁbroblasts. These parameters were attenuated following miR124 expression.
The repressive action of miR-124 on polypyrimidine tract-binding protein 1
(PTBP1) and monocyte chemoattractant protein 1 (MCP-1/CCL2) was demonstrated
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as the causal mechanism responsible for the heightened proliferative, migratory,
and inﬂammatory properties of PAH-AdvFBs. This study provided other important information. The authors reported no decrease in miR-124 expression in different rodent models of PH, underscoring inter-species miR-124 expression
divergence. Moreover, they pinpointed histone deacetylases as repressors of miR124 expression [65].

microRNAs and PAH Right Ventricle
Right ventricle failure (RVF) is the primary cause of death in pulmonary hypertension patients [66]. For many years, clinicians have unsuccessfully extrapolated
knowledge from the left ventricular (LV) failure to the RV. This lack of success is
likely due to the differences in the embryologic origin, metabolic proﬁle or response
to pressure overload existing between the RV and the LV [67]. As a result, RV failure has emerged as an important research priority in the cardiopulmonary research
ﬁeld. It is only recently that the role of miRNAs in RV failure has been explored,
and if many miRNAs [68] have been showed to be mis-regulated in RV failure, only
one has been extensively studied by Paulin et al. in 2015 [69]. Indeed, in their study
they showed for the ﬁrst time a critical role of miR-208/Mef2 axis in RVF. In contrast to the left ventricle failure, the level of the myocardium speciﬁc miRNA miR208 continuously decreases as RVH progresses, eventually allowing repression of
MEF2 transcription factor and thus the transition from a compensated RV hypertrophy to a decompensated RVH. In addition, they provide evidences that inﬂammation (which is a major players in PAH) could serve as second trigger for entrance in
decompensated RV hypertrophy in synergy with the progressive lost of miR-208.

microRNAs and Systemic Angiogenic Impairment in PAH
Interestingly, preliminary reports have also suggested a role for miRNAs regulating
angiogenesis known as angiomiR in PAH, including miR-126 [70]. Indeed, lost of
angiogenesis is an important feature implicated in both cardiac and skeletal muscle
dysfunction as seen in RVF and exercise intolerance in PAH [71]. Potus and collaborators have reported in muscle biopsies obtained from patients with PAH the
existence of an inverse correlation between reduced muscle capillarity and exercise
capacity. The authors provided evidences that the downregulation of angiogenesis
in skeletal muscle was due to downregulation of the vascular endothelial growth
factor pathway, a master regulator of systemic angiogenesis following the lost of
miR-126, a miRNA that is involved in both embryonic and adult angiogenesis.
Using a combination of in vitro and in vivo techniques, the authors showed that
increasing doses of miR-126 were able to restore proper vascularization in vitro and
that direct delivery of miR-126 to muscle can increase both vascularization and
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performance, ultimately leading to a substantial improvement in exercise capacity.
Recently, the same group has identiﬁed miR-126 dowregulation as a central actor of
angiogenic defect which is crucial for RVF [72].

Conclusion
In the ﬁeld of PAH, considerable efforts have been committed to identify miRNAs
and decipher their functions. As PAH is a multifactorial disease involving dysfunction of several cell types, it is not surprising that a plethora of miRNAs are involved
in the disease. Most of the studies analyzed the repercussions of selected miRNA
alterations but not the mechanisms responsible for regulation of the expression of
miRNAs themselves. Most of them have been described as being inﬂuenced by
hypoxia. Therefore, the identiﬁcation of HIF regulated miRNAs will undoubtedly
provide important insights. Although the instrumental roles of these miRNAs in
PAH pathogenesis are beginning to be unveiled, a major importance of the latter is
already proved in the disease, making miRNA a promising therapeutic target in
human. Body ﬂuids-expressed miRNAs are reliable PAH diagnostic biomarkers
[73]. However, it will be interesting to evaluate whether circulating miRNAs can be
considered in animal models as treatment-response predictors. Taken together, published data indicate that miRNAs have a great potential as therapeutics in PAH.
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Chapter 13

microRNAs in Diabetic Kidney Disease
Arthur C.K. Chung

Abstract Diabetes and diabetic kidney diseases have continually exerted a great
burden on our society. Although the recent advances in medical research have led to
a much better understanding of diabetic kidney diseases, there is still no successful
strategy for effective treatments for diabetic kidney diseases. Recently, treatment of
diabetic kidney diseases relies either on drugs that reduce the progression of renal
injury or on renal replacement therapies, such as dialysis and kidney transplantation.
On the other hand, searching for biomarkers for early diagnosis and effective therapy is also urgent. Discovery of microRNAs has opened to a novel ﬁeld for posttranscriptional regulation of gene expression. Results from cell culture experiments,
experimental animal models, and patients under diabetic conditions reveal the critical role of microRNAs during the progression of diabetic kidney diseases. Functional
studies demonstrate not only the capability of microRNAs to regulate expression of
target genes, but also their therapeutic potential to diabetic kidney diseases. The
existence of microRNAs in plasma, serum, and urine suggests their possibility to be
biomarkers in diabetic kidney diseases. Thus, identiﬁcation of the functional role of
microRNAs provides an essentially clinical impact in terms of prevention and treatment of progression in diabetic kidney diseases as it enables us to develop novel,
speciﬁc therapies and diagnostic tools for diabetic kidney diseases.
Keywords microRNAs • Diabetic kidney disease • Biomarker • Therapy

Introduction
As a chronic metabolic disease, diabetes occurs after our body is unable to generate
sufﬁcient insulin or our cells are unable to respond to the insulin produced. The
global prevalence of diabetes is increasing and is predicted to reach the distressing
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number of 591.9 million by the year 2035 from 381.8 million in 2013 [1, 2]. It will
be about 55 % increase within 20 years and this signiﬁcant increase is attributed to an
escalating tendency towards sedentary lifestyle and westernized choice of diet, leading to obesity. Diabetes is an important public health concern because the burden of
diabetes is enormous which will provoke 5.1 million deaths and take up some US$548
billion dollars in health spending (11 % of the total spent worldwide) in 2013 [1].
Diabetes complications are divided into microvascular, which is due to damage
to small blood vessels, and macrovascular, which is due to damage to larger blood
vessels [3]. Microvascular complications include damage to eyes (retinopathy)
leading to blindness, to kidneys (nephropathy) leading to renal failure, and to nerves
(neuropathy) leading to impotence and diabetic foot disorders (which include severe
infections leading to amputation). Among these complication, diabetic nephropathy
(DN) draws much attention as it is the leading cause of chronic kidney disease in
patients starting renal replacement therapy and is associated with increased cardiovascular mortality.
Although type 1 and type 2 diabetes are different in etiology and pathogenesis
and different morphological changes of renal injury in type 1 and type 2 diabetic
patients [4], patients with either type 1 or type 2 diabetes have comparable risks of
renal injury in diseased kidney [5]. Diabetic nephropathy is characterized by the
effacement of podocyte foot processes, gradual mesangial cell (MC) proliferation
and hypertrophy, excessive accumulation of extracellular matrix (ECM) proteins,
mesangial expansion, and thickening of the glomerular basement membrane (GBM)
[3, 6]. Eventually these events lead to nodular glomerulosclerosis (KimmelstielWilson lesions) [7]. Tubular hypertrophy, thickening of the tubular basement membrane (TBM) and interstitial ﬁbrosis occur in the tubulointerstitial area [7].
Diabetic nephropathy is a clinical syndrome characterized by persistent albuminuria (>300 mg/day or >200 μg/min) that is conﬁrmed on at least two occasions 3–6
months apart, progressive decline in the glomerular ﬁltration rate (GFR), and elevated arterial blood pressure. Present interventions of diabetic nephropathy consisting of rigorous glycemic control, antihypertensive therapy, such as
angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II receptor
blockers (ARBs), are the ﬁrst-line drugs. However, ACEIs and ARBs have been
shown to slow down the progression of kidney disease but they are unable to halt
this progression [8–12]. Therefore, there is an urgent need to search for effective
therapy to halt the progression to the end-stage renal disease (ESRD) after the
nephropathy has been established [13].
Furthermore, diabetic nephropathy is often related to other macrovascular diseases, such as cardiovascular disease. In the USA, diabetic nephropathy is
contributed to almost 50 % of all ESRD [7]. Although dialysis or kidney transplantation regulate uremia and other symptoms of renal failure in patients with ESRD,
the prognosis for patients with ESRD due to diabetes is not enthusiastic because
more than 50 % of patients die within 5 years after diagnosis [14] and the 5-year
survival rates is similar to that among patients with metastasized gastrointestinal
carcinoma [13]. The increasing population with diagnosed diabetes and irreversible
renal injury after onset of diabetic nephropathy demands the development of effective therapy to combat diabetic nephropathy in near future.
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microRNAs in the Diabetic Kidney Disease
microRNAs, short noncoding RNAs with 22–25 nucleotides long, is able bind to
the 3′ untranslated region (3′ UTR) of its target messenger RNA (mRNA) by imperfect complementary manner, leading to posttranscriptional gene silencing.
Consequently microRNAs suppress gene expression via mRNA degradation, translation inhibition, or transcriptional inhibition [15, 16]. After two decades of the
research, microRNAs are found to be essential in many cellular and biologic processes, such as proliferation, differentiation, and development, and in the regulation
of genes related to immune responses, cancer, and insulin secretion [17–20]. Owing
to the vital role in regulating gene expression, aberrant expression of microRNAs is
found to be present in human diseases including cancer, hepatitis, and diabetes [18,
21–24]. More evidence demonstrates that microRNAs play a key role in renal ﬁeld.
As some reviews of microRNAs research on kidney development, function, and
diseases have been previously published [25–40], this chapter will focus on the current research progress of microRNAs in diabetic nephropathy.
Glomerulosclerosis and interstitial ﬁbrosis are two major pathological features
during the progressive diabetic nephropathy. Damage of MCs and tubular epithelial
cells (TECs) is attributed to ﬁbrosis during diabetic nephropathy. All these events
are resulted from aberrant glucose metabolism because this aberration will generate
various harmful by-products such as advanced glycation end products (AGE), elevation of reactive oxygen species (ROS), and activation of protein kinase C (PKC).
These events ﬁnally activate TGF-β signaling which stimulates renal ﬁbrosis.
Therefore, hyperglycemia acts as a trigger to induce the cascade of renal injury.
During the biosynthetic process of microRNAs, Dicer participates in both
microRNAs biogenesis and microRNAs-mediated gene silencing [41–44].
Podocytes in the glomerular basement membrane are important to maintain the glomerular ﬁltration barrier. Any podocyte dysfunction will result in glomerular
pathologies as in diabetic nephropathy (DN) or other types of glomerulonephritis
[45]. Deletion of Dicer in mouse podocytes demonstrates a loss of microRNAs and
an induction to proteinuria, podocyte injury, and renal ﬁbrosis [46–48], suggesting
the vital role of microRNAs in the podocytes to keep renal functions to be normal.
Recent evidence demonstrates that microRNAs act as vital regulators of gene
expression during diabetic nephropathy. The involvement of microRNAs in diabetic
nephropathy is summarized in Tables 13.1 and 13.2.

miR-192
The ﬁrst microRNA reported in diabetic nephropathy is miR-192 [49]. Within
glomeruli isolated from streptozotocin (STZ)-injected diabetic mice as well as diabetic db/db mice, the elevation miR-192 expression levels are associated with
increased TGF-β1 and collagen 1a2 (Col1a2) levels. This increase of renal miR-192
expression is also observed in db/db mice, type 2 diabetes rat, and whole blood
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Table 13.1 Upregulated microRNAs in diabetic nephropathy
microRNA
miR-192
miR-216a
miR-217
miR-216a
miR-21

miR-215
miR-377

miR-195

In vivo (animal mode)
STZ induced DN mice, DN
in db/db mice
STZ induced DN mice, DN
in db/db mice
STZ induced DN mice, DN
in db/db mice
OVE26 type 1 diabetic
mice (12 weeks of age)
db/db mice (10 or 20 weeks
of age)
kk-ay DN mice (T2DM)
(20 weeks of age)
db/db mice
Spontaneous [(NOD/Lt)
mice] and STZ induced DN
mice
STZ induced DN mice

In vitro (cell type)
MCs (human, rat,
mouse)
Primary MCs
(mouse)
Primary MCs
(mouse)
MCs (human and
rat)
PTEs (mouse)
MCs, TECs (rat)
Primary MCs
(mouse)
MCs (human and
mouse)
MCs (human and
mouse)

Target
ZEB1/2

References
[49–53]

PTEN

[57]

Ybx1

[58]

PTEN

[63]

Smad7,
TIMP3
MMP-9,
TIMP1
CTNNBIP1

[64, 67]
[65, 67]
[51]

PAK1 and
MnSOD

[54]

BCLC2

[98, 99]

DN diabetic nephropathy, MC mesangial cells, PTE proximal tubule epithelial cells, STZ streptozotocin, TEC tubular epithelial cells
Table 13.2 Downregulated microRNAs in diabetic nephropathy
microRNA
miR-192
miR-200a

In vitro (cell type)
PTE human (HK-2
cells)
TEC (rat)

miR-29a

PTE human (HK-2
cells)

miR-25
miR-451

MCs (rat)
Primary MCs
(mouse)
Renal microvascular
Endothelial cell
Mouse podocytes

miR-93

In vivo (animal mode)
Patients with established DN

Target
Zeb2

References
[61, 62]

STZ induced DN in
apolipoprotein E knockout
mice

TGF-β2

[89]

[78]

STZ induced DN rat
Early DN (db/db mice)

Col IVA1
& Col
IVA2
Nox4
Ywhaz

db/db mice

VEGF-A

[97]

[95]
[96]

DN diabetic nephropathy, MC mesangial cells, PTE proximal tubule epithelial cells, STZ streptozotocin, TEC tubular epithelial cells

samples of type 2 diabetes patients [50–53]. Furthermore, TGF-β1 treatment
increases miR-192 levels in both mouse MCs and isolated glomeruli from both type
1 and type 2 mouse models of diabetes [49, 53]. In vitro studies also demonstrate
that miR-192 levels are increased in MCs and TECs after treatment with high
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glucose, AGE, and TGF-β1 [54–56]. These results show the strong correlation
between elevation of renal miR-192 levels and diabetic condition.
Several possible mechanisms have been purposed for the mediation of miR-192
during renal ﬁbrosis. Firstly, miR-192 suppresses the E-box repressor Smad-1 interacting protein (Sip-1, Zeb2). As Sip-1 binds E-box enhancer elements in the Col1a2
gene, elevation of miR-192 then promotes collagen deposition in response to TGFβ1 [49]. Furthermore, miR-192 increases expression of miR-216a and miR-217
which target PTEN [57]. Thus, miR-192 can activate Akt kinase to promote ﬁbrosis
as Akt activation in mouse MCs induces signatures of diabetic nephropathy, such as
ECM gene expression, apoptosis inhibition, and hypertrophy [57]. In addition,
miR-216a is also reported to target Ybx1, an RNA binding protein and a component
of P-bodies, and Ybx1 participates in TGF-β-induced collagen expression in mouse
MCs [58].
The results from miR-192 knockout (KO) mice provide further support to the
pathological role of miR-192 in diabetic nephropathy [59]. When compared to diabetic wild-type mice, deletion of miR-192 gene in type I diabetic mice decreases
proteinuria, renal ﬁbrosis, and hypertrophy [59]. Taken together, these studies show
a pathological role of miR-192 in diabetic nephropathy.
The results from animal models show a pro-ﬁbrotic role of miR-192 in diabetic
nephropathy [49, 59, 60]. The results are opposite in human nephropathy [61, 62].
Reduced expression of miR-192 is associated with tubulointerstitial ﬁbrosis and low
estimated glomerular ﬁltration rate (GFR) in patients with established diabetic
nephropathy [61]. In a human proximal TEC line, HK-2 cells, treatment with TGFβ1 (10 ng/mL for 96 h) decreases the expression of miR-192, zinc ﬁnger E-box
binding homeobox 1 (Zeb1), and E-cadherin but increases zinc ﬁnger E-box binding homeobox 2 (Zeb2), PAI-I, and vimentin [61]. In another report, treatment of
TGF-β1 (10 ng/mL for 72 h) reduces levels of miR-192 and miR-215 in primary rat
MCs and TEC, and in the renal cortex of apolipoprotein E knockout mice at 10
weeks of diabetes [62]. These differences of observations in murine models may be
attributed to the different models and time points used [57, 62]. Reduced levels of
miR-192 and miR-215, which target Zeb2, participate in TGF-β/CTGF-mediated
changes in E-cadherin expression. These results demonstrate that miR-192/215 may
not affect ﬁbrosis by directly changing the levels of ﬁbrotic markers and ECM proteins [62]. Taken together, the different ﬁndings in levels of miR-192 in human and
animal models of diabetic nephropathy suggest that signaling mechanism during
diabetic kidney injury is complicated.

miR-21
The pro-ﬁbrotic role of miR-21 is more obvious as results of in vitro studies show
that miR-21 abundance is increased in TECs and MCs after treatment with TGF-β1
or under diabetic condition [55, 63–66]. Higher levels of miR-21 in renal cortices
are found in type 1 (OVE26) and type 2 (kk-ay and db/db) diabetic mouse models
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[63–65, 67] although a report demonstrates a reduction of miR-21 expression during
early DN in diabetic db/db mice [68]. In human, miR-21 abundance is increased in
kidney biopsies from diabetic patients compared to healthy controls [67].
Furthermore, the pro-ﬁbrotic role of miR-21 is further reinforced by the in vitro
studies that miR-21 upregulates the expression of ECM and α-SMA in TECs and
MCs after treatment of TGF-β1 or under diabetic condition [55, 63–66]. In addition,
overexpression of miR-21 in kidney cells also enhances but suppression of miR-21
inhibits renal inﬂammation under diabetic condition [64].
Several possible mechanisms have been purposed for the mediation of miR-21
during renal injury and these mechanisms may be related to putative target genes of
miR-21 and the activation of TGF-β signaling during diabetic condition [69, 70].
The ﬁrst evidence is that miR-21 may activate the TGF-β canonical signaling by
inhibiting Smad7, which prevents activation of TGF-β signaling [64]. In addition,
miR-21 may mediate the TGF-β noncanonical signaling by targeting to Sprouty
(SPRY) as SPRY, a potent inhibitor of Ras/MEK/ERK, suppresses TGF-β-dependent
ﬁbrogenic activities [71]. As phosphatase and tensin homolog (PTEN) may be one
of targets of miR-21 [72, 73], activation of Akt pathway by suppressing PTEM via
miR-21 may be another mechanism for miR-21 to be involved in diabetic kidney
injury. Suppression of PTEN by miR-21 also increases activities of phosphatidylinositide 3-kinases (PI3K) and Akt, and subsequently activates metalloproteinase-2 (MMP-2) expression [72]. Recently, miR-21 is found to mediate the reciprocal
regulation of PTEN levels and AKT1 substrate 1 (PRAS40), a negative regulator of
Tor complex 1 (TORC1) activity during diabetic nephropathy [63]. As both metalloproteinases and tissue inhibitors of metalloproteinases (TIMPs) activities play a
key role to regulate ECM turnover during ﬁbrosis, the recent ﬁndings of TIMP3 as
a potential miR-21 target suggest that miR-21 mediate several pathways to enhance
renal injury during diabetic nephropathy [67].

miR-29
As miR-192 and miR-21 are pro-ﬁbrotic microRNAs, miR-29s are anti-ﬁbrotic
microRNAs. Normally abundance of miR-29 family (miR-29a, miR-29b, and miR29c) is always high in kidney, lung, and heart [74]. During ﬁbrotic diseases, its
abundance signiﬁcantly decreases in animal models and human samples of heart,
lung, and kidney [75–77]. Furthermore, treatment with TGF-β1 or under diabetic
condition downregulates the abundance of the miR-29 family in cultured MCs,
TECs, and podocytes but upregulates the abundance of ECM proteins [55, 75, 78,
79], suggesting a protective role of miR-29 during renal injury.
Its protective role against ﬁbrosis has been shown in various ﬁbrotic disease
models. Overexpression of miR-29 inhibits but knockdown of miR-29 enhances
abundance of ﬁbrotic markers in cell lines from heart, lung, and kidney after TGF-β
treatment [71, 75, 76, 79–82]. More importantly, delivery of miR-29b either before
or after established obstructive nephropathy successfully halts progressive renal
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ﬁbrosis in a mouse model of unilateral ureteral obstruction nephropathy [75],
supporting the anti-ﬁbrotic properties of miR-29.
By employing different disease models of heart, lung, and kidneys, miR-29 suppresses ﬁbrosis mainly by inhibiting the ECM-related gene transcription because more
than 20 different ECM-related genes have been validated to be miR-29 targets via
reporter gene assays and some of them are induced by TGF-β signaling [76, 81, 83].
The anti-ﬁbrotic properties of miR-29 are also conﬁrmed in diabetic condition that
inhibition of miR-29a increased the risk of excess collagen deposition [78].
Furthermore, miR-29a downregulates collagen IV (Col IV) expression by directly targeting the 3′ UTRs of the collagen genes Col IV a1 and Col IV a2 in HK-2 cells [78].

miR-200
The ability to maintain epithelial differentiation is the well-established function of
miR-200 family (miR-200a, miR-200b, miR-200c, miR-429, and miR-141). Thus it
is believed that miR-200 family inhibits ﬁbrosis via this ability [84–86]. Treatment
with TGF-β reduces the abundance of these microRNAs and the cells will undergo
epithelial to mesenchymal transition (EMT) [85–88], suggesting that TGF-β may
mediate these microRNAs to promote EMT. Although it is believed that proximal
TECs may undergo EMT to induce renal ﬁbrosis [89], this notion that EMT contributes to renal ﬁbrosis has been lately confronted. More studies should be done to
clarify the role of miR-200 in kidney diseases.
In renal TECs, both TGF-β1 and TGF-β2 can reduce abundance of the miR-200
family in a Smad signaling dependent manner [89, 90]. Similarly, reduction of renal
miR-200a and miR-141 occurs in kidneys of a mouse model of diabetic nephropathy [89], suggesting a protective role of miR-200 family in diabetic nephropathy.
However, elevation of miR-200b/c levels is found in glomeruli from type 1
(streptozotocin) and type 2 (db/db) diabetic mice, and in mouse mesangial cells
treated with TGF-β1 in vitro [53]. Recently, activation of miR-200b and miR-200c
and their target FOG2, an inhibitor of phosphatidylinositol 3-kinase activation, is
shown to be a possible way of how TGF-β induces Akt signaling in glomerular
mesangial cells [91]. The reduction of FOG2 expression is observed in the glomeruli of diabetic mice and TGF-β-treated mouse MC. It is unexpectedly that increase
of miR-200b/c levels is detected in diabetic mouse glomeruli and TGF-β-treated
MC [91]. Transfection with miR-200b/c mimics in MC considerably reduces FOG2
expression and increases cell hypertrophy which is conﬁrmed by FOG2 knockdown
in MC. In addition, suppression of FOG2 by miR-200b/c also activates ERKs,
which is through PI3K activation [91]. These new ﬁndings suggest a new mechanism for TGF-β-induced Akt activation through FOG2 suppression by miR-200b/c,
which results in glomerular mesangial hypertrophy during diabetic kidney disease.
However, the differences of miR-200 expression in diabetic kidneys are possibly
due to the differences in the origin of cell lines examined, the treatments performed,
and the use of different animal models between studies.
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microRNAs in Glomerular Permeability and Podocytes
Podocytes, which are epithelial cell of the visceral layer of a renal glomerulus, are
important to retain glomerular selectivity and control the ECM synthesis in glomerular basement membrane (GBM) [6]. During diabetic kidney disease, impairment of glomerular podocytes, deposition of extracellular ECM in glomeruli, and
hypertrophy and expansion in the glomerular mesangium are observed within the
diseased kidney [45]. As a result, proteinuria will occur and kidney function will
decline.
Role of microRNAs in podocyte function is demonstrated from studies from two
independent lines of Dicer KO mice generated for podocytes [46, 48]. It is found
that proteinuria is observed in KO mice in 3 weeks after birth and rapidly develops
into end-stage kidney disease. In addition, various abnormalities are found in glomeruli of KO mice, such as podocyte apoptosis and depletion, irregular and split areas
of the glomerular basement membrane, foot process effacement, mesangial expansion, capillary dilation, and glomerulosclerosis [48], suggesting that proper function
of Dicers to produce microRNAs in podocytes is required.
A recent study of speciﬁc deletion of Dicer in mouse podocyte discloses an
enrichment of predicted miR-30 target genes among the upregulated genes [92].
Abundance of miR-30s is high in glomerular podocytes in mice and TGF-β inhibits
miR-30s levels in podocytes [92]. When diabetic condition upregulates TGF-β levels and activates TGF-β signaling, TGF-β-suppression of miR-30s in podocyte may
contribute to TGF-β-induced apoptosis in podocytes.
During diabetic kidney diseases, urinary podocyte excretion is observed and this
feature is associated with the decreased adhesive capacity after damage of podocyte
[93]. Recently, miR-124 levels are found to impair proper podocytic adhesive
capacity [94]. During diabetic kidney disease, miR-124 abundance in kidneys is
elevated in STZ-induced uninephrectomized diabetic rats and inhibition of renal
miR-124 improves podocytic adhesive capacity [94].

Other microRNAs
Here are other microRNAs involved in diabetic kidney disease. Further studies on
these microRNAs may shed more light on their roles in diabetic nephropathy.
Abundance of miR-25 is reduced by high glucose in MCs or in rat diabetic kidney. As it targets NADPH oxidase 4 (Nox4), this reduction results in an increase of
Nox4 expression and ROS production [95], suggesting that miR-25 may protect the
kidney from oxidative stress.
miR-215 may be involved in Wnt/β-catenin signaling as it targets catenin-beta
interacting protein 1, which suppressed Wnt/β-catenin signaling. In addition, miR215 is signiﬁcantly elevated under diabetic conditions both in vitro (MCs) and
in vivo (db/db mice) [51] and miR-215 mediates TGF-β1-induced ﬁbronectin levels
via activating β-catenin [51].
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Renal miR-451 is reduced during early diabetic nephropathy in db/db mice.
miR-451 controls p38 mitogen-activated protein kinases (MAPK) signaling by targeting of Ywhaz (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta) [96], suggesting that miR-451 protects mesangial hypertrophy.
Abundance of miR-377 is elevated in high glucose cultured or TGF-β treated
human and mouse MCs, and in kidney of spontaneous (NOD/Lt) and STZ-induced
type 1 diabetes mouse model [54]. It may participate in ﬁbronectin production and
oxidative stress during diabetic nephropathy. miR-377 targets p21-activated
kinase-1 (PAK1) and manganese superoxide dismutase (MnSOD), which enhance
ﬁbronectin expression [54].
As miR-93 is primarily expressed in glomeruli and TEC, it is one of signature
microRNAs in hyperglycemic conditions [97]. However, abundance of miR-93 is
reduced in cultured podocyte cells, renal microvascular endothelial cells, and glomeruli of diabetic mice [97]. High levels of miR-93 decreases expression of vascular
endothelial growth factor (VEGF), a predicted target of miR-93 [97]. As VEGF
targets collagen IV and ﬁbronectin, the repression of miR-93 during diabetic
nephropathy may contribute to the production of collagen and ﬁbronectin.
High abundance of miR-195 was found in both STZ-induced type 1 diabetic
mice and MCs and podocytes cultured in high glucose. Overexpression of miR-195
reduces B-cell lymphoma 2 protein levels but increases caspase-3 in podocytes and
MCs, suggesting that miR-195 may mediate apoptosis in diabetic kidney disease
[98, 99].
Overall, the aberrant expression of these microRNAs in pathogenesis elicits the
critical role of microRNAs in diabetic nephropathy.

Regulations of microRNA During Diabetic Kidney Disease
It is still unknown what exact mechanism of how high glucose condition controls
microRNA abundance during diabetic kidney disease. It is generally accepted that
TGF-β signaling may be the major signaling pathway to enhance microRNA biogenesis during diabetic condition [40]. TGF-β signaling has been reported to promote the conversion of primary transcripts of some microRNAs into their mature
form by the Drosha complex [100]. For example, Smad3, the downstream mediator
of TGF-β signaling, physically interacts with Drosha to catalyze the process from
pri-miR-21 to mature miR-21.
We also show that the transcription of miR-21, miR-192, miR-433, and the miR29 family during renal diseases is regulated by TGF-β/Smad3 signaling [56, 66, 75,
101, 102]. TGF-β suppresses miR-29 expression but induces miR-2, miR-433, and
miR-192 expression. This regulation depended on the presence of Smad3 as shown
in Smad2 or Smad3 KO mouse embryonic ﬁbroblasts (MEF), and in MCs and TECs
knocking down for Smad2 or Smad3, or overexpressing Smad7 [55, 56, 66, 75].
Furthermore, Smad3 also physically interacts with Smad binding site (SBE) located
in their promoters to regulate the expression of these microRNAs [56, 66, 75, 101].
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Smad7, an inhibitory Smad, protects kidneys from ﬁbrosis not only by suppressing
Smad3 activation, but also by regulating TGF-β/Smad3-mediated microRNAs via
maintaining renal miR-29b but suppressing miR-192 and miR-21 [55, 56, 103].
This notion has been conﬁrmed by the results from several mouse models of kidney
diseases induced in mice lacking Smad3, Smad7, or having conditional knockout
(KO) for Smad2 or overexpressing renal Smad7 [55, 56, 66, 75, 101].
A recent study further extends the regulation of microRNAs in diabetic kidney
disease to p53. It shows that TGF-β induces a crosstalk between p53 and miR-192
[59]. Abundance of TGF-β1, p53, and miR-192 is known to be increased in diseased
glomeruli of diabetic mice [59, 60, 104].
When TGF-β-induced miR-192 abundance is reduced in vivo, this reduction will
then reduce renal p53 expression in streptozotocin induced diabetic mice [59]. This
correlation between miR-192 and renal expression of TGF-β and p53 is further supported by the results from miR-192 KO type I diabetic mice [59]. Taken together,
the TGF-β/Smad3 signaling is important to control microRNA abundance during
diabetic nephropathy.

Therapeutic Potential of microRNAs in Diabetic Kidney
Disease
Besides searching the functions of microRNAs, the focus has recently shifted to the
therapeutic potential of the microRNAs and ability to be a biomarker in diabetic
nephropathy.
Many microRNA studies have shown that restoring or inhibiting the abundance
of microRNAs in kidney cells under diabetic condition is able to reduce the levels
of ECM [64, 65, 96]. In addition, delivery of microRNA mimics, inhibitors, or plasmids for overexpressing or knocking down microRNAs in rodent experimental
models provides solid evidences that regulating microRNA abundance has therapeutic potential to cure diabetic nephropathy. For example, the in vivo transfer of
antagomiR-21 ameliorates creatinine clearance ratio and urine albumin creatinine
ratio, and reduces the abundance of tissue inhibitor of metalloproteinase 1 (TIMP1), Col IV, and ﬁbronectin in kidney of diabetic mice [65]. Delivery of miR-21
knockdown plasmids into the diabetic kidneys of db/db mice at age 10 weeks considerably ameliorates both microalbuminuria and renal ﬁbrosis and inﬂammation at
age 20 weeks [64]. Reducing miR-29c by an antisense oligonucleotide restores
expression of Sprouty-1 and ameliorates albuminuria and mesangial matrix expansion in the type 2 (db/db) diabetic mice [50]. Inhibition of miR-192 with modiﬁed
anti-sense oligonucleotides signiﬁcantly attenuates proteinuria in mice with diabetic nephropathy and suppresses oxidative stress and the renal ﬁbrosis and hypertrophy [60]. Knockdown of miR-215 with antagomiR-215 restores CTNNBIP
expression and inhibits Wnt/β-catenin signaling and expression of α-SMA and
ﬁbronectin in the db/db mouse kidney [51]. Overexpression of miR-451 inhibits
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glomerular MC proliferation in vivo [96]. These successful results from rodent diabetic nephropathy models demonstrate two important aspects.
Firstly, altering microRNA activity in diabetic kidneys can hold the progression
of diabetic nephropathy which is not shown in current drug treatment. Theses promising results from experimental models demonstrate the possibility of applying
microRNA therapy in the clinical practice. In addition to the conventional plasmid
delivery, recent development of chemically modiﬁed oligonucleotides that are stable in the circulation, can freely enter cells to bind to speciﬁc microRNA and silence
it [31], provides possible and effective delivery methods to ensure the success of
microRNA therapy in renal diseases. However, there are still some obstacles for
microRNA therapy. Further attention may focus on the risk of off-target effects of
microRNAs, speciﬁcity of delivery methods, and nonspeciﬁc immune response.
Therefore, it is still a long way for clinic application with microRNA-based therapy
against diabetic nephropathy.
On the other hand, circulating microRNAs in serum, plasma, and urine have been
used as biomarkers for many diseases to reﬂect a response to the pathophysiological
stresses [105–108]. The possibility to use circulating microRNAs as biomarkers in
diabetic nephropathy is investigating because the variations of microRNA levels in
the body ﬂuids from patients with diabetic nephropathy may reveal the progression
of the disease.
A recent study shows that a total of 27 microRNAs at signiﬁcantly different levels are found in urine from the patients at different stages of diabetic nephropathy
[109]. In addition, these 27 microRNAs have previously been found to participate in
signaling pathways of renal ﬁbrosis during diabetic kidney disease. An another
study of microRNA abundance in urinary exosomes from type 1 diabetic patients
with and without incipient diabetic nephropathy shows that miR-130a and miR-145
are higher but miR-155 and miR-424 are decreased in patients with microalbuminuria [110]. These results are supported by studies in cells and animal models.
Abundance of miR-145 is induced after treatment with high glucose in both MCs
and MC-derived exosomes. Similarly in an animal model of early experimental
diabetic nephropathy, the elevation of urinary exosomal miR-145 levels is tightly
correlated with miR-145 overexpression within the glomeruli [110]. These results
propose a possible correlation between circulating microRNA and its renal expression during diabetic kidney disease.
As microRNAs found in circulation or urine may reﬂect the progression of diabetic nephropathy, the early detection of their presence in circulation or urine may
enable us to predict the disease progression. To achieve this purpose, the threshold
of detection of microRNAs by current ampliﬁcation methods should be increased
and a database of the correlation between patterns of microRNA released in circulation or urine and speciﬁc microRNA expression proﬁles in damaged kidneys should
be established.
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Conclusion
After the discovery of microRNAs and characterization of their functions in kidney
diseases for two decades, more effort is still required to understand the speciﬁc role
and mechanism of microRNAs in renal pathophysiology. Currently, it is known that
speciﬁc microRNAs affect renal physiology by altering transcript levels of target
genes, mediating TGF-β actions on renal ﬁbrosis, disturbing normal functions of
MC, TEC, and podocyte during renal diseases [25, 29, 34, 35].
However, the exact mechanism of how microRNAs regulate the diabetic renal
injury is still unclear. In principle, one microRNA is able to regulate multiple target
genes. When the number of report of certain microRNA is increasing, the number
of target genes is also increasing. For example, more than eight direct targets of
miR-21 and more than ten targets of miR-29 are found in renal research so far. This
target search only gives us confusion because we do not know the relationship
among these possible mechanisms. In addition, the report about the relationship
among the target genes of a speciﬁc microRNA is scarce and it is still an open ﬁeld
for future microRNA research. Hopefully, the rapid development of high-throughput
validation and proteomic analysis can help us to identify real microRNA targets and
determine the exact mechanism of microRNAs in renal diseases in near future.
Finally, microRNAs act as essential regulators of gene expression during diabetic nephropathy. The further understanding of their roles during diabetic kidney
disease offers us not only an alternative to halt disease progression, but also putative
biomarkers for early prediction of kidney diseases.
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Chapter 14

microRNA and Kidney Transplantation
Kíra Jelencsics and Rainer Oberbauer

Abstract The kidney serves as the main clearance organ of our body, ﬁltrating and
excreting metabolic waste products. Various intrinsic and extrinsic conditions can
lead to kidney injury, roughly 0.1 % of the population suffer from end stage renal
disease. Renal transplantation reinstitutes an almost normal quality of life; again it
is cost effective and thus the preferred treatment of terminal renal failure.
miRNAs play pivotal roles in immune responses and inﬂammation, which makes
them particularly interesting in the ﬁeld of transplantation and in understanding the
molecular pathways of allograft pathologies such as delayed function or cellular and
antibody mediated rejection. As kidney biopsy is part of the routine disease monitoring, the identiﬁcation of miRNA pattern is feasible in different stages of the injury.
Furthermore miRNAs are easy to detect not only in tissue samples but also in
body ﬂuids such as blood and urine. Their regulatory capacity of biological processes together with their stability makes them excellent candidates for noninvasive
monitoring of kidney pathology. There is an accumulating knowledge about
diseases-speciﬁc miRNA signatures in distinct kidney injuries. In the following
chapter we present the current understanding of miRNAs regulation of intragraft
processes after kidney transplantation.
Keywords Kidney • Transplantation • Pathology

Introduction
The kidneys are the main clearance organs of the body. They consist of about one
million of functional units called nephrons, which produce an ultraﬁltration of the
blood and reabsorb necessary substances such as electrolytes and about 99 % of the
180 L ﬁltered water. Main excretory substances are hydrogen ions via ammonium
and titrable acidity as well as urea and creatinine. The primary location of the ﬁltration is in the glomerulus at the beginning of the nephron, what is rich in blood
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vessels. The ﬁnal concentration and the composition of the urine are deﬁned in the
renal tubule of the nephron by reabsorption, active and passive secretion.
microRNAs have been implicated as transcriptional regulators in a wide range of
biological processes determining cell fate, stress response, proliferation, or death.
Immense research efforts have identiﬁed many associations between disease mechanisms and speciﬁc microRNAs. In kidney cells and tissues there are more than 200
miRNAs identiﬁed so far. For example, conditional knockout of Dicer from podocytes
leads to glomerular defects and rapid progression to end stage renal disease, suggesting
an important role for microRNAs in podocyte function in glomeruli of the kidneys [1].
The kidney disease classiﬁcation refers to the site of the insult and whether the
injury is intrinsic to the kidney or the consequences of a systemic disease such as
diabetes, arterial hypertension or exogenous substances such as pathogens, drugs, or
X-ray contrast media. If the kidney function falls below 8 %, i.e., equaling a glomerular ﬁltration rate (GFR) of 8 mL/min, renal replacement therapy needs to be initiated.
Unambiguously the best option is renal transplantation, which allows for an almost
normal life. In 2011, 17,671 kidney transplantations were performed in the USA [2].
Since the transplanted kidney is a precious gift, it is intuitive that it is of utmost
importance that the graft half-life needs to be maximized. Currently the half-life for
deceased donor organs is roughly 8–10 years whereas for live donor grafts it is
around 12–15 years [2, 3]. Among the main risk factors for a reduced long-term
patency is the development of immediate post-transplant delayed graft function
(DGF). The pathophysiology behind DGF is postischemic acute kidney injury
(AKI) which is described in more detail elsewhere [4]. Other important risk factors
that impact on long-term graft patency are humoral and cellular rejection, infections
and immunosuppressant toxicity.
miRNAs plays a role in development and functional regulation of the immune
system, what makes them particularly interesting in the ﬁeld of organ transplantation. The human genome encodes over 2000 miRNA, but the list is still incomplete,
discovery and the validation of the mostly in silico predicted targets are still ongoing. There is an accumulating, yet incomplete knowledge about the crucial role of
speciﬁc miRNA signatures known to be involved in the recipients’ alloimmune
responses following organ transplantation (for an overview of the miRNAs involved
in dysfunctions related to kidney transplantation, see Table 14.1). A study used a
mouse model with targeted Dicer deletion from the renal proximal tubules, where
ischemia-induced loss of renal function was attenuated in the Dicer knockout mice.
This experiment provided the ﬁrst evidence of the role of Dicer and associated
miRNA production in ischemic AKI [5].

miRNA in Kidney Transplantation
Ischemia-reperfusion injury (IRI)is one of the common causes of AKI, associated
with high morbidity and mortality rates. In solid organ transplantation it is an inevitable part of the procedure, and it has very few effective treatment options.
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Table 14.1 miRNAs involved in dysfunctions related to kidney transplantation
Name
let-7i
let-7b
let7-c
miR-10a
miR-10b
miR-16
miR-17
miR-17-3p_MM1
miR-18a
miR-20a
miR-20
miR-21

miR-21-3p
miR-23b
miR-27b
miR-30a-3p
miR-30b
miR-30b
miR-30c
miR-30c
miR-30c-2*
miR-30e-3p
miR-32
miR-99b and
miR-99b*
miR-106a
miR-106b
miR-124
miR-125a

miR-125a_MM1
miR-125
miR-125b-2*

Regulation
Upregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated

Pathology
ABMR
AREJ
AREJ
AREJ
AREJ
AKI
DGF
AREJ
DGF
IRI
DGF
IRI
AKI
DGF
ABMR
IF/TA
IF/TA

References
[63]
[63]
[60]
[49, 60]
[49, 60]
[27]
[63]
[70]
[63]
[33]
[63]
[11]
[33]
[63]
[63]
[71]
[41]

IRI
AKI
AKI
AREJ
AREJ
AREJ
AREJ
IF/TA
IF/TA
AREJ
AREJ
AREJ
AREJ
AREJ

Organ
Kidney
Kidney
Kidney
Urine, kidney
Urine, kidney
Plasma
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney (mouse)
Kidney
Kidney
Kidney
Plasma
Macrophages,
pericyte precursors
Kidney (mouse)
Urine
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney

Upregulated
Upregulated
Upregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Upregulated
Upregulated
Downregulated
Upregulated
Downregulated
Downregulated
Upregulated
Downregulated
Downregulated

DGF
DGF
IF/TA
AREJ
AREJ
ABMR
AREJ
AREJ
AREJ

Kidney
Kidney
Tubular cells
Kidney
Kidney
PBMC, kidney
Kidney biopsy
Kidney
Kidney

[63]
[63]
[72]
[73]
[63]
[67]
[73]
[60]
[63]

[11]
[28]
[21]
[63]
[63]
[60]
[60]
[44]
[44]
[60]
[63]
[60]
[60]
[63]
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Table 14.1 (continued)
Name
miR-126
miR-127
miR-132
miR-138
miR-139-5p
miR-142-3p

miR-142-5p
miR-142
miR-146a
miR-146b
miR-150
miR-155

miR-181
miR-181a
miR-181b
miR-182

miR-187
miR-192
miR-193b
miR_194
miR-197_MM2
miR-199a-3p
miR-200a
miR-200c
miR-200 family
(miR200-a, b, c,
miR-141, miR429)
miR-204
miR-210
miR-211

Regulation
Upregulated
Upregulated
Upregulated
Downregulated
Downregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Downregulated
Upregulated
Upregulated
Upregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Downregulated
Upregulated
Downregulated
Upregulated
Upregulated

Pathology
IRI
IRI
IRI
AREJ
AREJ
AREJ
tolerance
CAD
AREJ
IF/TA
ABMR
IRI
AREJ
ABMR
AREJ
AREJ
AREJ
IRI
AREJ
IF/TA
IF/TA
AREJ
AREJ
AKI
CAD
ABMR
IRI
IRI
AREJ
ABMR
IRI
AREJ
IRI
AREJ
AKI
IF/TA

Organ
MP
Kidney (rat)
Kidney (mouse)
Kidney
Kidney
Kidney
PBMC
Urine
Kidney
Kidney
PBMC, kidney
Kidney (mouse)
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
T-cells
T-cells
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney (mouse)
Kidney (mouse)
Kidney
PBMC, kidney
Kidney (mouse)
Kidney
Kidney (mouse)
Kidney
Urine
Mesangial cells

References
[56]
[20]
[5]
[63]
[63]
[60]
[74]
[64]
[60]
[44]
[67]
[11]
[60]
[63]
[60]
[63]
[63]
[33]
[60]
[75]
[76]
[63]
[63]
[21]
[63]
[63]
[11]
[11]
[63]
[67]
[11]
[73]
[11]
[60]
[28]
[69]

Upregulated
Downregulated
Downregulated
Downregulated

CAD
AREJ
AKI
CAD

Urine
Urine
Plasma
Urine

[64]
[49]
[49]
[64]
(continued)
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Table 14.1 (continued)
Name
miR-214
miR-223
miR-296
miR-320
miR-324-3p
miR-326
miR-330_MM1
miR-342
miR-346
miR-361-5p
miR-362
miR-379
miR-381
miR-423
miR-424*
miR-455
miR-483
miR-502-3p
miR-506
miR-516-5p
miR-524*
miR-574-3p
miR-602
miR-611
miR-628
miR-629
miR-638
miR-654
miR-658
miR-663

miR-805
miR-1225-5p

Regulation
Upregulated
Upregulated
Upregulated
Upregulated
Upregulated
Downregulated
Downregulated
Downregulated
Upregulated
Downregulated
Downregulated
Upregulated
Downregulated
Upregulated
Upregulated
Downregulated
Downregulated
Downregulated
Downregulated
Upregulated
Downregulated
Downregulated
Downregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Downregulated
Upregulated
Upregulated
Upregulated
Downregulated
Downregulated

miR-1228
miR-1915

Upregulated

miR-4640

Downregulated

Pathology
IF/TA
IRI
AREJ
IRI
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
IRI
IRI
AREJ
AKI
AREJ
AREJ
AREJ
AREJ
IF/TA
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
AREJ
ABMR
AREJ
AREJ
IRI
Repair
capacity
ABMR
Repair
capacity
AKI

Organ
Kidney
Kidney (mouse)
PBMC
MP
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney (mouse)
Kidney (mouse)
Kidney
Urine
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney
Kidney (mouse)
ARPC

References
[55]
[11]
[60]
[37]
[73]
[73]
[73]
[73]
[60]
[73]
[63]
[5]
[5]
[73]
[28]
[63]
[63]
[73]
[63]
[44]
[73]
[73]
[63]
[73]
[73]
[73]
[73]
[63]
[73]
[73]
[63]
[63]
[73]
[11]
[77]

Kidney
ARPC

[63]
[77]

Urine

[28]

ABMR antibody-mediated rejection, AKI acute kidney injury, AREJ acute rejection, ARPC adult
renal progenitor cell, CAD chronic allograft dysfunction, DGF delayed graft function, IRI ischemia/reperfusion injury, MP microparticles (microvesicles and exosomes), PBMC peripheral
blood mononuclear cells
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A hallmark of IRI is necrosis and apoptosis of renal tubular epithelial cells, ﬁbrosis,
and proliferation. IRI leads to hypoxia and then during the reperfusion causes oxidative/nitrative stress triggering tissue damage mainly in the renal cortex. The reactive oxygen and nitrogen species induce protein modiﬁcations, lipid oxidations, and
DNA double strand breaks leading to endothelial dysfunction. Neutrophil adhere
and migrate through the endothelium, and inﬂammatory mediators are released,
activating the innate and adaptive immune responses [6]. Although acute complications of I/R injury are reduced by advanced organ protection during surgery and
ischemic time and associated organ damage is shorter now, chronic complications
such as organ failure are not solved yet. After I/R, the surviving tissue initiates
remodeling, in order to maintain adequate organ function. However, the remodeling
process might lead eventually into abnormal changes, with ensuing dysfunction and
subsequent organ failure. The underlying molecular signaling between cellular
components, extracellular matrix, and tissue vascularization during renal remodeling are far from being completely understood.
DGF is the most common complication in the immediate post-transplant period,
deﬁned as the necessity for dialysis early after transplantation. This devastating
condition has a strong impact of long-term outcomes such as allograft immunogenicity, risk of acute rejection episodes, and long-term survival. However, not all of
the molecular processes happening during AKI/DGF are chaotic, in fact some of the
events are highly choreographed also by miRNAs [7].
There are different types of miRNA distributions: some miRNAs are widely
expressed; others exhibit only limited developmental stage-, tissue-, or cell typespeciﬁc patterns. miRNAs can stay local or be released into the body ﬂuids (see
examples below), where they remain rather stable. However a special example is
miR-21, which was one of the ﬁrst identiﬁed miRNA in human cells [8], appears in
most of the kidney dysfunctions. miR-21 is widely expressed normally in many
healthy tissues including the kidney but stays inert. In case of injury, miR-21
becomes activated locally at the site of the injury. Most probably there will be more
examples identiﬁed for such a universal yet speciﬁc expression.
It has been shown that post-transplant gene expression proﬁles of living and
deceased donor kidneys are signiﬁcantly different [9]. Single microRNA may alter
the expression of a large number of target genes, thus regulate whole diseasespeciﬁc pathways and signaling cascades. The identiﬁcation of the condition-speciﬁc
miRNA signatures in grafts helps us to reveal the existence of molecular pathways
that may be involved in the injury or repair response. For example, redox signaling
in cardiac and/or renal ischemia–reperfusion injury may have a critical impact on
microRNA biology. For instance, it is likely that I/R results in altered cellular redox
signaling events that could potentially lead to altered microRNA levels and hence
enhanced proinﬂammatory or diminished antioxidant gene expression. This will
result in the initiation as well as the perpetuation of the cellular injury response
(reviewed in [10]).
A set of tissue-speciﬁc miRNAs was identiﬁed and validated from biopsies taken
from mice undergoing IRI (Fig. 14.1): miR-21 and miR-20a expression showed
rapid upregulation upon injury, upregulation of miR-146a, miR-199a-3p, and miR214 occurred after the third day. miR-192 and miR-187 were rapid downregulated,
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Fig. 14.1 Entity-speciﬁc deregulated miRNAs in the transplant. Percentage: occurrence of pathological changes

miR-805 and miR-194 downregulated but stayed at similar level to naïve kidney.
The expression pattern of these miRNAs after warm ischemia is lymphocyteindependent, suggesting that it is an intrinsic response from the kidney, a very own
ﬁngerprint of renal IRI [11].
miR-21 is a particularly interesting miRNA in kidney diseases because it plays a
role in several processes that also occur as a result of IRI. We reviewed miR-21 in
Box 14.1. miR-20a regulates E2F transcription factors, which are involved in proliferation and apoptosis [12]. This means that miR-21 and miR-20a may prevent
apoptosis resulting from IRI and induce proliferation to promote repair [11]. miR146a is an important modulator of differentiation and function of cells involved in
innate and adaptive immunity (reviewed in [13]). The expression of miR-146 is
upregulated by inﬂammatory factors such as interleukin 1 and tumor necrosis
factor-α. miR-146 deregulates a number of targets, which are mostly involved in
toll-like receptor pathways, bringing a cytokine response as part of the innate
immune system and providing a negative feedback loop to TLR-signaling [13]. The
delayed miR-146a expression may be required to resolve inﬂammation and allow
for repair following IRI [11]. miR-199 is implicated in a wide variety of cellular and
developmental mechanisms. In a cluster together with miR-214 both are involved in
skeleton formation and in cancer. miR-199a is involved in various cancer development and progression and cardiomyocytes protection, targeting the Met protooncogene [14]. miR-214 improves the metastasis of melanoma. Through the
regulation of two activating protein-2 transcription factors, inﬂuences a number of
genes regulating apoptosis, proliferation, and angiogenesis [15, 16]. miR-192 and
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Box 14.1: Review of miR-21
miR-21 is widely expressed in all the tissues and is expressed quite highly in
the normal kidney, heart, spleen, liver, and lung as well. However it stays
inert, and just upon injury will be the active form upregulated. Thus, inhibition by antisense oligonucleotides acts only at the site of the injury. miR-21 is
sequestered most probably in an intracellular compartment, and released into
the cytoplasm in response to stress [41]. miR-21 is a highly induced antiapoptotic miRNA during IRI [11], renal and cardiac ﬁbrosis, and contributes to
carcinogenesis in prostate and other cancer. miR-21 is highly upregulated
after 15 min of renal ischemic preconditioning, and remarkably attenuated
IRI induced 4 days later [42] by better renal function, less injury, and fewer
apoptotic cells.
miR-21 expression is increased in proliferating tubular epithelial cells,
though overexpression of miR-21 alone was not sufﬁcient to prevent TEC
death following ischemia (which means rather a ﬁne-tuning of cellular
responses to injury). Silencing of miR-21 enhances apoptosis [11], and results
in a decrease in expression of collagen 1A1, collagen 1A2, ﬁbronectin, SMAα, PAI-1 and TGF-β, as well as macrophage inﬁltration [18]. miR-21−/− mice
and wild-type mice treated with anti-miR-21 oligonucleotides suffer far less
interstitial ﬁbrosis in response to kidney injury [41].
As several other miRNAs, miR-21 is affected by TGF-β. Renal IRI stimulates TGF-β production, which upregulates miR-21 expression via a cellextrinsic mechanism. This causes ﬁbrosis, a major complication resulting
from renal IRI, where TGF-β plays a central role, increasing total collagen
expression and intensifying the matrix accumulation in renal disease [43].
SMAD7, a veriﬁed miR-21 target, has been shown to inhibit TGFβ ﬁbrotic
effects on TEC by regulating SMAD2 activation [44].
Ischemia or hypoxia upregulates miR-21 in a cell-intrinsic fashion [11].
NADPH oxidase-dependent reactive oxygen species (ROS) regulate the
expression and function of miR-21 deﬁning the invasive phenotype of cancer
[45]. NADPH oxidase activity is dependent on the ERK MAP kinase activity.
miR-21 expression upregulates the ERK-MAPK signaling pathway, which
has impacts on global cardiac structure and function through inhibition of
sprouty homolog 1 (Spry1) [46]. ERK-MAPK signaling plays a key role in
renal IRI as well.
miR-21 also directly targets the tumor suppressor gene-programmed cell
death 4 (PDCD4), resulting in cellular proliferation and increased invasiveness of the cells [45]. In murine cardiomyocytes miR-21 was found to protect
from hypoxia/reoxygenation-induced cell apoptosis via regulation of its target
gene PDCD4 [47].
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miR-194 work together with miR-215 in a miRNA network as a regulator of
E-cadherin expression. Their expression suppresses’ tumor progression, cell
migration and invasion in renal cell carcinoma cell line models, whereas knockdown of these miRNAs resulted in enhancing cellular migration and invasion
abilities [15]. miR-192 is highly expressed in the kidney [9] and appears to be
proportionately upregulated in response to changes observed in TGF-β expression,
which explains its progressive decrease following IRI. In cancer development high
miR-187 levels are associated with higher survival rates in ovarian cancer patients
through targeting the DAB2 protein, which plays role in cell proliferation and
tumor progression. miR-187 expression is increased in islets from individuals with
type 2 diabetes as well. It negatively inﬂuences the glucose-stimulated insulin
secretion, potentially involving regulation of HIPK3, which occurs during the
pathogenesis of type 2 diabetes [17]. miR-805 expression is decreased signiﬁcantly
in early diabetic nephropathy [18], reﬂecting on accumulation of activated macrophages in the injured kidney. Godwin et al. observed indeed signiﬁcant inﬁltration
of macrophages in the kidney by day 14, matching to the rather slow downregulation pattern of miR-805.
Saphiro et al. investigated whether samples that underwent renal injury as a result
of IRI can be distinguished from controls based on alterations in miR expression
using the above data set described by Godwin et al. They veriﬁed that sham and IRI
data reﬂect predictable alterations in miR expression throughout the course of an
injury response. Thus miR expression proﬁling can be used to diagnose IRI and sham
controls and miR expression may therefore be useful as a biomarker for IRI [19].
miR-127 was found by another group to protect proximal tubule cells against IRI
in rats, being regulated by HIF-1α and targeting KIF3B. Modulation of miR-127
resulted in changes in cell adhesion and cytoskeletal structure [20]. miR-127 is
involved in the downregulation of Rtl1, a key gene in placenta formation and in fetal
lung development. miR-127 is described as a ubiquitously expressed microRNA,
which can be detected in several human and rat tissues apart of kidney and lung
cells; for example, it is also expressed in other human epithelial cells such as breast.
Since miR-127 is regulated by ischemia it could be a potential tissue damage biomarker as well [20].
Wilﬂingseder et al. [21] found miR-182-5p and miR-21-3p as a signature of
AKI. miR-182-5p was identiﬁed as a molecular regulator of post-transplant AKI,
strongly correlated with global gene expression changes during AKI. miR-182 is a
key regulator in different ischemic models in heart and brain as well [22, 23].
Further, in a natural model of ischemic tolerance, miR-182 was signiﬁcantly
decreased in brains of ground squirrels during hibernation torpor [24]. miR-182 is
activated by interleukin-2 and STAT5 and inhibits FOXO1, leading to clonal expansion of T helper cells. Further, BCL2 is a direct target of miR-182-5p as well, suggesting potent antiapoptotic effects. These analogies indicate that miR-182 may
play a critical role in the regulation of both ischemic and immunologic injuries [21].
Seven miRNAs were identiﬁed in kidneys with DGF, which are all involved in
cell death and proliferation: miR-182-5p and miR-106b, miR-20a, miR-21*,
miR-18a, miR-17, miR106-a [21]. The overlap with AKI miRNAs may indicate
similar activated pathways.
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A good example for kidney-related miRNAs found in the body ﬂuids is miR210. miR-210 is released from renal endothelial cells, among others, in response to
hypoxia in AKI. miR-210 is downregulated in urine and has been shown to be present also in the plasma of patients with acute renal allograft rejection compared to
control patients with stable transplant function. miR-210 plays role in the molecular
response to hypoxia, being induced by the hypoxia-inducible factor in endothelial
cells [25]. In mouse model of IRI, miR-210 regulates in kidney tissue renal angiogenesis by activation of the VEGF signaling pathway. It is also involved in other
ischemic diseases such as myocardial infarction, in which miR-210 was shown to
be upregulated [26]. In patients with AKI plasma levels of miR-210 were independently associated with 28-day mortality but successful antirejection therapy normalized miR-210 levels [27]. It may thus also be used as prognostic biomarker for
long-term graft patency.
Ramachandran identiﬁed a panel of four miRNAs (miR-21, miR-200c, miR-423,
and miR-4640), which are detectable noninvasively in urine of patients undergoing
AKI, with 10, 4.5, and 5-fold higher level and 2-fold lower levels, respectively,
compared to controls without kidney injury [28]. These miRNAs were able to distinguish between ICU patients with and patients without evidence of AKI (p < 0.01).
Members of the miR-200 family are highly enriched in epithelial tissues, in cells,
which are able to form metastases. miR-200 promotes the last step of metastasis of
cancer cells during their colonization at distant tissues [29]. miR-423 is extensively
studied as a biomarker of heart failure [30] but it is also involved in rapidly progressing idiopathic pulmonary ﬁbrosis (together with miR-210) [31], in lupus nephritis,
obesity, and Alzheimer disease [28]. In Alzheimer-disease miR-423 is the hub of a
network built in the grey and the white matter by co-expressed microRNAs [32].
miR-21 was found upregulated 1.2-fold in blood and urine of patients with clinical diagnosis of AKI by another group [33] as well. Additionally Saikumar et al.
found that miR-155 level is 1.5-fold lower in the same samples, compared with
healthy volunteers. Similarly to miR-21 miR-155 is detectable in all human tissues,
and abundant in some of the organs like kidney, heart, spleen, liver, and lung. It plays
a critical role in a wide variety of biological processes, including hematopoiesis [34].
Different cell types release miRNAs by active secretion into microvesicles or
exosomes. microRNAs can also be released from damaged cells or through apoptotic bodies, as it happens after myocardial infarction or in atherosclerosis [35].
The microvesicles are containing proteins, cytokines, and miRNAs [36]. Most
probably the microvesicles are not just markers, but have intracellular biological
roles, e.g., communication or serving as paracrine mediators, as the microvesicles
released by endothelial progenitor cells (EPC) during AKI [37]. EPCs are circulating, bone marrow-derived precursors, which are recruited at tissue injury, like in
kidney allograft after IRI, and promoting regeneration by secreting pro-angiogenic factors. Microvesicles released from these progenitor cells activate an
angiogenic program in endothelial cells by horizontal miRNA transfer, resulting in
protection from AKI by enhanced tubular cell proliferation, reduced apoptosis, and
leukocyte inﬁltration. The protective effect results in decreases in serum creatinine/
BUN levels and improved histological signs of microvascular and tubular injury.
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Microvesicles protect against chronic kidney damage as well by inhibiting capillary
rarefaction, glomerulosclerosis, and tubulointerstitial ﬁbrosis. The renoprotective
effect can be inhibited by treatment with RNase, Dicer knock-down in the progenitor cells, or depletion of miR-126 and miR-296 by antisense oligonucleotides
(reviewed in [38]). The pro-angiogenic and anti-apoptotic miR-126 and miR-296
have a key role in the renoprotective effect of EPC-derived microvesicles among
several other miRNAs. The miRNAs target cell proliferation, angiogenesis, and
inhibition of apoptosis as well [37].
Isolated exosomes from T-cells modulate the immune response, which makes
exosomes a potential immunotherapeutic candidate in transplantation setting [39].
After AKI there is a bidirectional exchange of genetic information between mesenchymal stem cells (MSC) and the surviving tubular cells, driven by microvesicles
containing certain miRNA and mRNA. This might induce the injured cells to start
dedifferentiation and tissue-self repair [40] instead of remodeling into abnormal
changes with subsequent organ failure.
The most immediate clinical beneﬁt of miRNAs is the opportunity to use them
as biomarkers for diagnosis, prognosis, and response to therapy in renal allografts
(Fig. 14.2). The current diagnostic algorithm of renal allograft deterioration almost
always includes an invasive biopsy at the end. However, longitudinal and frequent

Fig. 14.2 Putative noninvasive biomarkers and protective intervention possibilities in dysfunctions related to kidney transplantation. Percentage: occurrence of pathological changes. Dotted
line: biomarkers found in blood, dashed line: biomarkers found in urine
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biopsies have their natural limits. miRNAs are detectable not just in tissue samples,
but in blood, urine, and other body ﬂuids as well, occurring with different expression
proﬁles predicting allograft status. miRNAs are present before morphological
detectable changes occurred or non-reversible injury happened. For example, miR21, which plays a role in most of kidney injuries, is produced already at renal ischemic preconditioning (short, non-lethal episodes), which is known to reduce injury
caused by subsequent IRI [42]. Implementation of such noninvasive molecular biomarkers will lower the costs and risks of DGF, increase the sensitivity of the test,
and improve serial monitoring of kidney injury. Recently the identiﬁcation and in
situ detection of miRNAs even from small amounts are feasible, enabling analysis
of small biopsies, limited volumes of body ﬂuids, or even formalin-ﬁxed parafﬁnembedded archival material [48].
Next to the noninvasive accessibility another advantage of miRNAs is their stable form in urine and other secreted ﬂuids, in the exosomes or bound to the assembly protein Argonaut. The expression of a highly abundant miRNA (miR-21) was
shown to be unaffected by incubation of urine samples at room temperature for up
to 24 h as well as a number of freeze/thaw cycles [49]. The Argonaute proteins bind
miRNAs’ guide strand after its cleavage by Dicer. Together they form the core RNA
induced silencing complex (RISC), Argonaute proteins will cleave the target mRNA
strand. Furthermore miRNAs are 10 times more stable than mRNAs, what makes
them better candidates as biomarkers. Accurate data can be measured even from
degraded total RNA samples, when most of the mRNAs are already lost [50].
However, next to the identiﬁcation of putative miRNA biomarkers it is important
to determine whether miR expression has prognostic value and whether miR expression returns to baseline following a healing response [19]. It has to be clearly stated
that so far no validated miRNA biomarker for kidney injury has been approved for
routine care. Another problem is that there is yet no stable endogenous miRNA for
normalization identiﬁed. Thus the measurements rely on indirect mechanisms of
normalization, such as adding unrelated synthetic miRNA to blood samples during
RNA isolation (for example, in [49] cel-miR-39 was used). Furthermore globin
mRNA in red blood cells may inﬂuence expression proﬁling of whole blood specimens. This can be excluded by using isolated leukocytes globin reduction, and
mathematical depletion to lighten the confounding globin molecular signatures
[51]. Furthermore, analysis of circulating miRNAs of patients with acute illnesses
such as myocardial infarction or AKI - though all the beneﬁts - is costly and timeconsuming, because of the RNA extraction, the reverse transcription and the subsequent quantitative real-time PCR analysis. Thus, even if a good candidate miRNA
is identiﬁed, the difﬁculty lies in the translation of the diagnostic procedure into
future clinical use. A bench-to-bedside test is an unmet need.
Though a relative high number of kidney transplantation is performed yearly, the
number of candidates on the wait lists increases yearly with around 2–4 % according to the data from OPTN/SRTR [3]. The gap between successful transplantation
and wait list could be smaller by using more marginal donor kidneys and DCD
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kidneys (donation after cardiac death). There is an unmet need to improve the
functions of these suboptimal organs or treat injured grafts in post-transplant complications in order to achieve longer graft half-life and minimalize the possibility of
DGF. The search for contributing miRNAs in the context of renal injury reveals the
existence of molecular pathways that may be involved in the injury or repair
response that can be a putative target for new therapy options in order to prevent
damage or promote healing.
miRNA activity can be inhibited by several antisense strategies, such as chemically modiﬁed antisense oligonucleotide inhibitors (antagomirs) or the transgenic
introduction of tandem miRNA-binding site repeats (known as Decoy or Sponge
technologies). Lorenzen et al. showed recently that miR-24 antagonism prevents
renal reperfusion injury in vivo. The treatment with an antisense oligonucleotide targeting miR-24 before the induction of ischemic reperfusion injury resulted in a signiﬁcantly improved kidney function [52]. In other cases, in diseases in which
miRNAs are downregulated, restoring miRNA function might be desirable, and can
be achieved by administration of double-stranded miRNA mimics. miR-10b is signiﬁcantly downregulated in rejected allografts. Transfecting miR-10b into human
renal glomerular endothelial cells diminished key features of acute allograft rejection
such as release of pro-inﬂammatory cytokines/chemokines whereas transfection of
miR-10b inhibitor had opposite effects [53]. The addition of oligonucleotides by
intravenous injection [54] or by different delivery systems (viral or non-viral) is
feasible as well. However toxicity derived from off-target effects and from activation
of the innate and adaptive immune response and instability of the oligonucleotides
(unmodiﬁed oligonucleotide is eliminated within minutes) are still issues. From this
point of view the kidney is a special target for miRNA therapy, since after systemic
administration, the inhibitor oligonucleotides accumulate there abundantly. However
it is of note that inhibition therapies should act local to avoid any potential disadvantages of modulating pathways in other tissues and organs such as the heart [55].
Vascular regeneration is a viable therapeutic option after IRI, and the modulation
of vascular miRNAs might be a good choice for treating disease activity.
Overexpression miR-126 derived from the hematopoietic compartment protects
against renal IRI, preserving capillary density and increasing bone marrow-derived
peritubular capillary epithelial cells. miR-126 selectively enhances the mobilization
of vasculogenic stem and progenitor cells. Protection of the kidney and vascular
integrity correlated signiﬁcantly with the levels of circulating vascular progenitor
cells [56]. Bijkerk et al. hypothesize that miR-126 could be increased in the tubular
epithelial cells by lateral transfer through the fusion of miR-126 rich, blood cell
derived microvesicles as it was mentioned in the case of the endothelial progenitor
cell-derived miR-126-rich microparticles [37]. An alternative way could be the microparticles production of the bone marrow-derived epithelial cells, since such particles are able to cross the tubular basement membrane as well [57]. Moreover,
platelets are also excellent miR-126 sources, thus can serve as transporters to the
site of the injury [58]. In order to improve miR-driven therapies, revealing of
miRNA mode of actions is inevitable.
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Additional Examples of miRNAs Involved in Regulation
of Post-transplant Events
Acute cellular rejection: Acute rejection of grafts both from living and deceased
donors occurs at an incidenceof roughly 10 % at most transplant centers [59]. It is
still a common risk after kidney transplantation, and currently biopsy is the only
way of diagnosis. The full understanding of the molecular processes of rejection
and the search for noninvasive predictive and diagnostic biological markers of acute
cellular and humoral allograft rejection remain elusive. A number of miRNAs were
already found in urine and plasma, associated with acute cellular rejection and proposed as biomarker, and miRNAs from biopsy samples are found to be involved in
acute rejection as well. Anglicheau et al. found among 53 signiﬁcantly differentially
regulated miRNAs in acute rejection the intragraft levels of miR-142-5p, -155,
-223, -10b, -30a-3p, and let-7c to be diagnostic for acute rejection [60], and most of
these miRNAs are involved in IRI or chronic allograft dysfunctions (CADs) too.
Additionally miR-142-5p, -155, and miR-223 are detected in PBMCs of renal transplant recipient, with high speciﬁcity and sensitivity of miR-223 to diagnose acute
rejection [61], which makes it a potential candidate of noninvasive diagnostics pend
though validation is still needed.
miR-142 was found to be involved in chronic antibody-mediated rejection and
ﬁbrosis as well, associated with immunological disorders rather than renal dysfunction. miR-142 is part of the multiplex sclerosis miRNA signature in PBMCs and
plays role in mammalian hematopoiesis and in lupus erythematous as well, produced by leukocytes [62]. miR-155, a typical multifunctional miRNA, is widely
expressed in the body, and found upregulated in AKI as well. It is involved in various pathological pathways in haematopoietic lineage differentiation, immunity,
inﬂammation, cancer, and cardiovascular diseases. It is a key player in adaptive
immunity and T-cell-mediated antibody response in regulating Th1/Th2 cell differentiation, and T-cell receptor stimulation is known to induce miR-155 expression
[34]. miR-10b upregulation in human renal glomerular endothelial cells weakened
key features of allograft rejection such as release of pro-inﬂammatory cytokines/
chemokines, whereas inhibition of miR-10b had opposite effects [52].
Wilﬂingseder et al. identiﬁed a set of miRNAs in kidney biopsies, which were
able to distinguish between acute rejection, antibody-mediated rejection, and DGF
[63]. In AREJ, four miRNAs were found to be signiﬁcantly upregulated (miR-150,
miR-155, miR-663, and miR-638). miR-150 plays an important role in B-cell development and controls c-Myb expression in vivo. Overexpression of miR-663 initiates
an inﬂammatory response of endothelial cells. Both miR-638 and miR-663 were
found to be upregulated in PBMCs and is involved in lupus nephritis, indicating a
high inﬂammatory state in kidney tissue [63]. miR-663, miR-30c, miR-139, and
let-7b were also associated with CAD [64].
As it was mentioned already, miR-210 is found to be strongly downregulated in
ischemic diseases, such as AKI, but in urine sample of patients with undergoing
acute rejection as well [49]. Next to miR-210, 10b is downregulated not just in
rejected allografts but in urine too, whereas 10a is upregulated after acute rejection.
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miR-10a regulates the proinﬂammatory phenotype in athero-susceptible endothelium [65] and thus inﬂuences the invasion of immune cells during acute cellular
rejection. But among these three urinal miRNAs miR-210 is the only one, which
can differ between acute rejection and urinary tract infection of allograft, furthermore it can predict GFR level in 1 year after transplantation [49]. In serum only a
limited number, two miRNAs were found from the set already identiﬁed in graft
tissue. Compared to 1 year post-transplant samples miR-223 and miR-10a showed
upregulation [66].
Antibody-mediated rejection: Alloantibodies to antigens expressed by endothelium of allograft may cause sequential types of antibody-mediated rejection: from
the accidentally hyperacute rejection, the acute and the chronic rejection, and even
apparent graft acceptance (accommodation). Chronic antibody-mediated rejection
is a major risk factor for long-term graft survival in kidney transplantation. miR-142
[67] from both tissue biopsies and peripheral blood PBMCs was found to inﬂuence
the expression of numerous genes involved in chronic antibody-mediated rejection.
miR-142-5p might be potential biomarker allowing a very good discrimination of
the patients with chronic antibody-mediated rejection (p = 0.0056). It is carried to
the kidney by leukocytes against local inﬂammatory process, underlining its possibility to use as target for therapeutic settings.
miR-663, miR-146b-5p, miR-1228, let-7i, miR-21*, and miR-182 were found
speciﬁc to antibody-mediated rejection [63]. As it was already mentioned, miR-182
plays a signiﬁcant role in AKI and DGF as well, being upregulated in IRI [21]. miR663 and miR-146b were also upregulated in biopsies developing acute rejection
([63] and [60], respectively). The accordance of these miRNAs indicates that processes involved in DGF and acute rejection are also important in the pathogenesis
of the antibody-mediated rejection.
Chronic allograft dysfunction: Tissue ﬁbrosis refers to the accumulation of
collagen-richextracellular matrix by ﬁbroblasts as a response to tissue injury, causing tubular atrophy with decrease in tubular diameter and loss of function. AKI is a
contributory factor in the development of CAD, although this depends on severity,
duration, frequency, and context of the underlying disease. CAD is a common complication after kidney transplantation, also mentioned as chronic kidney dysfunction
(CKD). TGF-β is a key regulator of ﬁbrosis, regulating miRNAs among many other
molecules involved in ﬁbrosis. In turn, miRNAs regulate signaling components of
TGF-β. Inhibitors of TGF-β are protective against the development of renal tubulointerstitial ﬁbrosis [64].
Inhibition of miR-21 ameliorates injury and ﬁbrosis after IRI [41]. miR-21,
which appears in most of the kidney diseases as an early response to stress, is amplifying injury and ﬁbrosis via inhibition of lipid metabolism and increased oxygen
radical production (see Box 14.1). Next to miR-21, miR-142-3p, 5p and the cluster
comprising miR-506 showed signiﬁcant, 2–7-times upregulation in interstitial
ﬁbrotic biopsies whereas miRNA miR-30b and 30c were downregulated [44]. Scian
et al. found that miR-142-3p together with miR-204, miR-107, miR-211, and miR32 were differently expressed in allograft of patients with CAD. Furthermore, differential expression of miR-142-3p, miR-204, and miR-211 was also observed
between patient groups in urine samples [64].
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Maluf et al. tested the miRNA proﬁle in urine cell pellets of 125 kidney transplant
recipients diagnosed with CAD with interstitial ﬁbrosis and tubular atrophy and those
recipients with normal graft function. In a longitudinal evaluation a subset (miR-99a,
miR-140-3p, miR-200b, and miR-200*) of these miRNAs was found to be differentially expressed before histological allograft injury was evident [68]. The differences
in the results might be due to different experimental techniques, assay platforms, or
different characteristics of the patients, what makes ﬁndings hard to compare.
miR-21 and miR-214 are both induced by TGF-β stimulation. miR-214 can be
found in cells of the damaged glomerulus and tubules as well as in inﬁltrating
immune cells in diseased tissue. Anti-miR-214 treatment before unilateral ureteral
obstruction (a model for tubulointerstitial ﬁbrosis) attenuated 93 % of the following ﬁbrotic tissue damage. Thus miR-214 may represent a novel antiﬁbrotic treatment in the kidney [55]. miR-200b (part of the miR200 family) inhibits the
epithelial-mesenchymal transition by which renal ﬁbroblasts are generated, via
TGF-β stimulation [69]. miR-200c was already found in urine samples of patients
with AKI and miR-200a in biopsies, which underwent acute renal rejection.

Conclusion
Kidney transplantation is the preferred therapy for patients with end stage renal
failure. Though it is relatively easy to accomplish, post-transplant complications,
like ischemia/reperfusion injury, acute cellular rejection, or ﬁbrosis, are still an
issue. The improvement of graft-functions are especially important for kidneys
from deceased donors, in what the possibility of a dysfunction is even higher,
though the need on these organs is increasing, due to the continuously growing wait
list for kidneys. miRNAs are essential for renal development, homoeostasis, and
cell phenotype and are involved in the pathology of renal diseases. Recent studies
in renal allograft recipients showed that miRNAs are highly deregulated in posttransplant episodes, and regulate particular functions, such as intercellular communication, inﬂammation, injury, rejection, or repair capacity. The miRNA research
revealed many unknown molecular networks related to the pathology of kidney
transplantation, allowing to ﬁnd better biomarkers for disease monitoring and more
accurate intervention points in order to save allograft and improve its long-term
functions. The opportunity of inhibiting or mimicking of miRNA with biotechnologically engineered oligonucleotides offers new and effective therapeutic options.
However, many roles that individual miRNA has in the regulation of the immune
system are still being discovered, and many targets of speciﬁc miRNAs remain yet
unclear. Bioinformatics analyses have predicted thousands of miRNA-target pairs
but only a small proportion of these have been validated. Furthermore most of the
miRNAs are universal molecules, being involved in many organs, so many safety
concerns must be still resolved, from the avoidance of toxicity derived off-target
effects to activation of the innate and adaptive immune response.
Since miRNAs are highly pleiotropic and act differently depending on the cell or
tissue type, a single miRNA is unlikely to useful as biomarker for diagnose. Instead,
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a network of correlated miRNAs must be considered. After the identiﬁcation of these
miRNA sets clinical utility needs to be determined in a larger prospective study.
Furthermore, though the so far identiﬁed miRNAs are promising, work is still needed
to translate these ﬁndings into clinical routine, ﬁnding also cost-effective technologies to use on a daily bases. Despite of the remaining open questions, we believe that
the day when miRNAs will play important role of the diagnostic and therapeutic
routines, facilitating and improving many lives is approaching (Table 14.1).
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Chapter 15

microRNA and Wound Healing
Jaideep Banerjee and Chandan K. Sen

Abstract microRNAs (miRNAs) are small noncoding RNA molecules which play
pivotal roles in wound healing. The increased expression of certain genes and
expression of some others represent a key component of the wound biology and are
largely under the regulation of naturally occurring miRNAs. Understanding the
dysregulated miRNAs in chronic wound biology will therefore enable the development of newer therapies. This chapter focuses on the miRNAs that can be potentially targeted for improving skin wound healing and the challenges in miRNA
therapy, including considerations in miRNA target identification and delivery.
Keywords Wound healing • HypoxymiRs • Angiogenesis • Inflammation •
Re-epithelialization

Introduction
A chronic wound is defined as a wound or any interruption in the continuity of the
body’s surface that requires a prolonged time to heal (over 4 weeks), does not heal,
or recurs. Examples of some chronic wounds are diabetic foot ulcers, venous ulcers,
and pressure ulcers and constitute a serious clinical problem with high morbidity
and mortality. Chronic wounds are common and constitute a significant health
problem. It has been estimated that 1–2 % of the population of industrialized
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countries will experience a leg ulcer at some time [1]. In the USA alone, chronic
wounds affect 6.5 million patients [2]. The immense economic and social impact of
wounds in our society calls for enhancing our understanding of the biological mechanisms underlying cutaneous wound complications. Chronic wound care is expensive and therefore treatment options that are both clinically effective and
cost-effective are vital.

miRNA Biogenesis and Mechanism of Action
microRNAs (miRs) are a class of ~21–23 nucleotide long noncoding RNAs
(ncRNAs) that regulate the functionality of majority of protein-coding genes.
Mature miRNAs are transcribed by RNA polymerase II as precursor RNAs, called
primary miRNAs (pri-miRNAs) [3]. The pri-miRNAs are then sequentially processed in the nucleus and cytoplasm by the RNase III/Drosha/DGCR8 complex to
hairpin-shaped pre-miRNAs (~70 nucleotides in length) that are further shortened
in the cytoplasm by Dicer to give rise to the mature miRNA [3]. In the cytoplasm,
miRNAs associate with mRNAs within the RISC complex (RNA-induced silencing
complex), which facilitates and stabilizes miRNA–mRNA interactions. miRNAs
anneal via Watson–Crick base pairing, with sequences most commonly located in 3′
untranslated regions (UTRs) of mRNA [3] although there are some examples of
miRNA interactions within mRNA coding regions, intron–exon junctions, and 5′
UTRs [4, 5]. Association of a miRNA with its mRNA target results in degradation
of the mRNA as well as inhibition of translation (Fig. 15.1).
microRNA-based gene silencing plays a critical role in the tissue repair response
following wounding. The ability to therapeutically manipulate miRNA expression
through systemic or local delivery of miRNA inducers/inhibitors has triggered
enthusiasm about the therapeutic potential of miRNAs for non-healing wounds. An
analysis from Frost & Sullivan has determined that US microRNA markets have
earned revenues of over $20.3 million in 2008 and estimate this to reach $98.6 million by 2015 [6, 7]. microRNA research thus offers the capability of moving from
bench to bedside faster than most research fields and diagnostic tests have already
emerged from this young field.

OxymiRs in Wound Healing
microRNAs that are implicated in defining biological outcomes in response to a
change in the state of tissue oxygenation are referred to as oxymiRs [8]. OxymiRs
can be directly influenced by changes in tissue oxygenation or indirectly by oxygen-
sensitive transcription factors, metabolites, pH, etc. or may also affect other oxygen-
sensing pathways. miRNAs that are sensitive to hypoxia are classified as
“hypoxymiRs”. HIF is one of the most important hypoxia sensors in our body and

15 microRNA and Wound Healing

293

Fig. 15.1 Biogenesis of microRNAs

a number of hypoxymiRs are induced by HIF stabilization [9]. Some miRNAs also
influence HIF stabilization. Induction of miR-424 is known to stabilize HIF1α,
while miRs that target the HIF1α transcript such as miR-20b, miR-199a, and miR-
17~92 are repressed to increase HIF1α expression and transcription [10, 11].
Chronic non-healing wounds are characterized by ischemia/hypoxia.
HypoxymiRs have therefore been a strong focus to identify dysregulated targets for
possible therapeutic intervention. miR-210, miR-21, and miR-203 are the most
studied hypoxymiRs with respect to wound healing [12]. The key oxymiRs that are
differentially expressed during the different stages of wound healing are as follows
(Fig. 15.2):

miRNAs in Inflammation Control in Wound Healing
The first report linking miRNAs with inflammation came from miRNA expression
profiling in a monocytic cell line treated with lipopolysaccharide (LPS) TLR4
ligand [13] which induced expression of miR-146a, miR-155, and miR-132 [13].
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Fig. 15.2 MicroRNAs involved in different stages of wound healing

Inflammatory cells, including macrophages and neutrophils, recognize invading
microbial pathogens primarily through Toll-like receptors (TLRs) [14]. miR-155 is
among the first miRNAs to be linked to inflammation induced by TLRs ligands,
inflammatory cytokines, and specific antigens. miR-155 regulates proteins involved
in the cellular immune response against pathogens, which have clinical implication
in chronic infected wounds [15]. miR-155 was identified to be directly repressing
src homology-2 domain-containing inositol 5-phosphate 1(SHIP1) [16].
Furthermore, miR-155 indirectly enhances TNFα translation by its influence on
LPS signaling mediators such as Fas-associated death domain protein (FADD), IκB
kinase epsilon, and the receptor (TNFR superfamily)-interacting serine-threonine
kinase 1 (Ripk1) [17]. LPS-induced downregulation of miR-125b is also instrumental in bolstering the production of TNF-alpha [18]. miR-125b has been shown to
bind to the 3′-UTR of TNF-α inhibiting the translation of this cytokine [18]. In
addition, the genes regulated by TNFα, i.e., E-selectin and ICAM-1 are direct targets of miR-31 and miR-17-3p, respectively [19]. Another major chemokine
involved in wound healing is the chemokine macrophage chemo attractant protein
(MCP-1/CCL2). It is a major chemo-attractant for monocytes/macrophages. The
expression of MCP-1 was highly upregulated (~70 fold) following wounding [20].
miR-124a is directly implicated in the posttranscriptional silencing of MCP-1 [21].
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IRAK1 and TRAF6 are two prominent targets of miR-146a that help it to negatively
regulate the release of IL8 and RANTES [14]. IRAK2, which regulates I FN-γ, has
also been identified as a miR-146a target [16]. Downregulation of miR-146a has
been observed in diabetic mouse wounds, thereby increasing its pro-inflammatory
target genes [18]. miR-146a also acts as a critical physiological brake to prevent the
overactivation of the innate as well as the adaptive immune system [19].
At an injury site, efficient clearance of apoptotic cells by wound macrophages or
efferocytosis is a prerequisite for the timely resolution of inflammation. Resolvin
D1, an endogenous lipid mediator generated during resolution phase of acute
inflammation, induces miR-21, and therefore miR-21 has been proposed to play a
role in resolving acute inflammation [22]. miR-21 silences PTEN, GSK3β, and
PDCD4, which are all key effectors of the inflammatory response [23]. Decreased
PDCD4 additionally favors c-Jun-AP-1 activity, which in turn results in elevated
production of anti-inflammatory IL-10 [23].

I nvolvement of Dicer and miRNAs in Barrier Function
during Re-epithelialization
Under conditions of oxygen limitation, the respiratory chain is limited, by the
unavailability of oxygen as the final electron acceptor. In order to support survival,
cells switch from aerobic to anaerobic metabolism, first described by the Pasteur
Effect. Poor oxygen availability trigger austerity measures aimed at energy conservation [24, 25]. Nonessential energy consuming functions are suspended to support
cell survival. Hypoxia regulates gene expression through transcriptional and posttranscriptional mechanisms. The processes by which cells sense and respond to
ambient oxygen concentration are fundamental to cell survival and function, and
they commonly target gene regulatory events. Hypoxia can also differentially regulate microRNAs, which are posttranscriptional regulators of genes. While under
hypoxia, some microRNAs can be transcriptionally induced, chronic hypoxia
impairs Dicer (DICER1) expression and activity, resulting in global suppression of
microRNA biogenesis. VHL-dependent downregulation of Dicer is also linked to
the expression and function of HIF-1α [26].
Recently, we have also shown that following arrest of Dicer in keratinocytes,
barrier function of the repaired skin is severely disrupted, thus affecting wound
healing [27]. On the other hand, Argonaute 2 (Ago2), which processes some precursor miRNAs independent of Dicer, has been shown to be increased in hypoxia.
Hydroxylation of Ago2, which occurs as a response to hypoxia, is required for the
association of Ago2 with heat shock protein 90 (Hsp90), which is necessary for the
loading of microRNAs (miRNAs) into the RISC, and translocation to stress granules (SGs) [28]. Lack of molecular oxygen or a dysfunctional mitochondria to process that oxygen, and the resulting differentially expressed gene regulators, thus
have a profound importance in wound healing.
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The state of tissue oxygenation is widely recognized as a major microenvironmental cue that determines healing outcomes [29]. Healthy mitochondria are the
main site of oxygen metabolism, accounting for approximately 85–90 % of the
oxygen consumed by the cell [30, 31]. Mitochondria constantly metabolize oxygen,
thereby producing ROS as a by-product. In the 1980s, oxygen free radicals drew
much attention in biomedical research. The primary identity of free radicals was
that they were destructive to biological tissues, and that approaches to antagonize
free radicals, i.e., antioxidants are helpful [32–34]. Based on this crude preliminary
concept, numerous clinical trials testing the efficacy of antioxidants were hastily
started and the results were understandably disappointing [29]. Work during the
mid-late 1990s led to the recognition that at very low levels, oxygen-derived free
radicals and derivative species such as H2O2 may serve as signaling messengers
[35–37]. This underlines the importance of oxygen in driving molecular signals during wound healing.
Although hypoxia may have favorable effects on endothelial cells, HIF specifically induces growth arrest of keratinocytes compromising wound closure. HIF1α is
widely known to be pro-angiogenic [38]. It would thus be tempting to propose that
HIF1α would improve wound healing. Under moderate hypoxia conditions such as
the non-ischemic (low lactate) wound, HIF1α seems to favor wound closure [39].
HIF has been widely known as a transcription factor that regulates the expression of
several coding genes. miR-210 has recently emerged as a key noncoding gene that
is transcriptionally driven by HIF adding a new dimension to HIF’s circle of influence in molecular and cell biology.
So far, the connection between HIF and miR-210 has been studied in the context
of cancer [40, 41]. Work in our laboratory links miR-210 as a key regulator of ischemic wound closure. miR-210 also represses mitochondrial respiration and associated downstream functions [42]. We noted that the hypoxamiR miR-210 silences
target genes which would arrest growth as well as repress mitochondrial metabolism in keratinocytes. This could be of importance in the healing wound where
metabolic demand on mitochondrial metabolism is known to be high. In both mice
and chronic wound patients, ischemic wounds showed elevated miR-210 levels.
Sharply elevated lactate is also a hallmark of the ischemic tissue, including wounds
[43, 44]. In addition to serving metabolic needs, lactate triggers cell signaling [43,
45]. We and others have reported that lactate induces HIF-1α signaling [43, 46].
Here, we show that lactate induces miR-210. Lactate also enhanced HIF-dependent
miR-210 expression suggesting the presence of HIF-independent component in
lactate-induced miR-210 expression.
Next, we screened for miR-210-dependent pathways that would impair wound
re-epithelialization. We studied the candidate pathways that emerged from murine
studies for their relevance to human chronic wounds. Expression of E2F3 which is
a known target of miR-210 [40] was significantly lower in ischemic wounds.
Immunohistochemical studies identified abundant E2F3 in the epidermis of non-
ischemic wound. E2F3 in the wound-edge tissue of ischemic wounds was markedly
downregulated.
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To test the significance of HIF-1 in regulating E2F3 and cell proliferation in
keratinocytes, studies were performed using human HaCaT keratinocytes commonly used for the study of wound healing [47]. HIF-1α stabilization, adopting a
genetic approach, resulted in attenuated expression of E2F3, an observation that
was consistent with the results from in vivo studies suggesting that HIF-1 downregulates E2F3 via a miR-210-dependent pathway. Knockdown of E2F3 limited
cell proliferation, demonstrating the significance of E2F3 in driving keratinocyte
cell cycle. Human ischemic wounds also demonstrated lower E2F3 and Ki67 (a
proliferation marker). miR-210 is also known to suppress ISCU1/2, a protein needed
for mitochondrial function. We indeed found that in the ischemic wounds of both
humans and mice, with elevated miR-210, energy supply (ATP/ADP ratio) is sharply
lower, which was in accordance with dysfunctional mitochondria.
We also discovered another novel microRNA, miR-1, to be hypoxia inducible and
highly elevated in murine as well as human ischemic wounds (unpublished data). We
found that c-met, which is known to upregulate AQP3 [48], a protein important for
keratinocyte migration [49] is a direct target for miR-1 in keratinocytes, and overexpressing miR-1 in keratinocytes can impair cell migration. miR-1 is also predicted to
silence IGF-1, another key player for keratinocyte migration [50, 51].
Thus, miR-1- and miR-210-directed therapeutic strategies to address complications in ischemic wound closure may prove to be a prudent consideration (Fig. 15.3).

Fig. 15.3 Hypoxia-regulated microRNAs impairing wound re-epithelialization
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 iRNAs Involved in Angiogenic Response during Wound
m
Healing
The clue to the importance of microRNAs in guiding vascularization was first
obtained from experimental studies involved in arresting miRNA biogenesis by
Dicer knockdown in vascular cells to deplete available mature miRNA pools [52, 53].
Dicer knockdown leads to profound dysregulation of angiogenesis-related genes
[54]. Several aspects of angiogenesis, such as proliferation, migration, and morphogenesis, of endothelial cell are modified by specific miRNAs. Endothelial miRs
involved in angiogenesis, also referred to as angiomiRs, include miR 17-5p, cluster
17–92, miR-15b, -16, -20, -21, -23a, -23b, -24, -27a, -29a, -30a, -30c, -31, -100, -103,
-106, -125a and -b, -126, -181a, -191, -199a, -221, -222, -320, and let-7 family [55].
Dicer knockdown in human microvascular endothelial cells (HMECs) showed
lower inducible production of ROS when activated with phorbol ester, TNFα, or
VEGF. NADPH oxidase-derived reactive oxygen species (ROS) are important as
signaling messengers in driving wound angiogenesis [56]. Transcription factor
HBP1, a suppressor transcription factor that negatively regulates p47phox expression was also induced following Dicer knockdown. Knockdown of HBP1 restored
the production of inducible ROS and the angiogenic response of miRNA-deficient
HMECs [52].
Hypoxia is widely recognized as a cue that drives angiogenesis as part of an
adaptive response to vascularize the oxygen-deficient host tissue. Figure 15.4
shows how microRNAs silence the pro-angiogenic effects of HIF-1. Hypoxiarepressible miR-200b is involved in induction of angiogenesis via directly targeting Ets-1 [57]. Certain Ets-1-associated genes, namely matrix metalloproteinase 1
and vascular endothelial growth factor receptor 2, were silenced by miR-200b.
Overexpression of Ets-1 rescues miR-200b-dependent impairment in angiogenic
response and suppression of Ets-1-associated gene expression [57]. VEFG and
FGF-2 represent two key stimuli that drive wound angiogenesis in a concerted

Fig. 15.4 Regulation of pro-angiogenic effect of HIF by microRNAs
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manner. VEGF-A has been shown to induce the expression of miR-191, -155, -31,
-17-5p, -18a, and miR-20a in HUVEC [58].
Both VEGF-A and basic FGF-2 increased the expression of miR-130a, a pro-
angiogenic miRNA, which directly targets GAX and HOXA5 [59]. VEGF-A and
bFGF signaling phosphorylate CREB causing rapid transcription of miR-132. miR-
132 overexpression increased endothelial cell proliferation and in vitro networking
by targeting p120RasGAP, a GTPase-activating protein [60]. miR-221 and miR-222
have been identified as modifying c-Kit expression as well as the angiogenic properties of the c-Kit ligand Stem Cell Factor. The miR-221/2 and c-Kit interaction
represents an integral component of a complex circuit that controls the ability of
endothelial cells to form new capillaries [61]. Inhibition of c-Kit results in reduced
VEGF expression [62].

From Bench to Bedside: Therapeutic Applications of miRNAs
With the discovery of miRNAs beingpowerful regulators in wound healing and a
wide variety of other diseases, the possibilities of therapeutically correcting the dysregulated miRNAs are being actively explored. miRNAs have several significant
advantages in that they are small and comprise a known sequence that is often completely conserved among species, which are very attractive features from a drug
development standpoint. Based on lessons learned from antisense technologies, very
potent oligonucleotide chemistries to target miRNAs, known as anti-miRs or pharmacologically active synthetic miRNAs, or miR mimics, are currently being generated.
There are several significant advantages to miRNAs for becoming a new class of
drug targets. Their small size and known and conserved sequence make them attractive candidates from a development standpoint. Additionally, many genetic or
oligonucleotide-
based gain-and-loss-of function studies have shown very pronounced phenotypes in rodents and even large animal models, whereas miRNA
manipulation under baseline conditions oftentimes does not exert overt effects.
Furthermore, the direct downstream targets of a single miRNA are commonly
related genes that function in a comparable cellular process or signaling cascade.
This implies that targeting of a single miRNA probably will result in a dramatic
effect due to the combinatorial effect of gene expression changes in all these related
downstream targets.
The impact of targeting a miRNA sequence is further strengthened by the fact
that the genome often contains multiple copies of the same or closely related miRNA
sequences, such that targeting of the miRNA sequence will become even more influential [63]. The biggest advantage of miR therapy besides having the ability to target multiple genes of a pathway at the same time is that plasma levels of an anti-miR
or miR-mimetic are cleared from plasma within hours by uptake into tissues [63,
64] but, once inside cells, many of the modified oligonucleotide used as anti-miRs
are so metabolically stable that their clearance is slow, and half-lives in tissues are
often in the order of weeks, providing therapeutic benefit long after blood levels are

300

J. Banerjee and C.K. Sen

near zero. Because of their high water solubility, it is possible to dissolve anti-miRs
in aqueous solutions at volumes that are amenable to self-administration by the
subcutaneous route, and, with their long biological half-lives, it may be possible that
anti-miRs can be administered relatively infrequently, thus reducing frequency of
injection. miR therapy therefore presents an exciting potential for clinical application in the future.

Challenges in miRNA Therapeutics
Successful delivery of miRNA has some major challenges, which include low cellular uptake of the RNA and endosomal escape, immunogenicity, degradation in the
bloodstream, and rapid renal clearance [65]. Delivery of the miRNA in order to be
effective has to be routed to the target organ, enter the cell, and reach its intracellular
target in an active form [65]. Therefore, new efforts are being made to develop more
efficient methods to deliver miRNAs. Follow-up preclinical studies will have to
guide appropriate dosing regimens in order to establish the lowest possible efficacious doses while attempting to prevent unacceptable side effects. A key limiting
factor is the extremely poor efficiency of the internalization and release of anti-
miRs [66] and therefore determining how to reach a sufficient dose within the cells
in order to achieve efficient miRNA inhibition is a big challenge.

Considerations in Target Identification and miRNA Delivery
miRNAs often exhibit relatively modest inhibitory effects on mRNA targets. It is
not uncommon, for example, for miRNA inhibition to result in minimal increases
(<1.5–2-fold) in the expression of mRNA targets, suggesting that it is the cumulative impact of small changes in the expression of myriad targets—rather than pronounced changes in single targets—that mediates the biological actions of miRNAs
on disease processes. Thus, when identifying targets, it may be beneficial to manipulate miRNAs that target multiple genes of a pathway that is dysregulated in a
pathological condition.
Successful delivery of RNAi molecules in vivo is based mainly on incorporation
into lipid- or polymer-based nanoparticles. An ideal delivery system should be biocompatible, biodegradable or excretable, and nonimmunogenic [65]. Natural and
synthetic lipids and polymers such as phosphatidylcholine, PLGA, and chatoyant,
which can undergo biodegradation into products absorbed by the natural biochemical pathways of the body, are the most common nanocarriers for therapeutics
delivery.
Other requirements of the delivery system include being stable in the circulation,
arriving at the target site, facilitating cellular uptake, avoiding lysosomal degradation, enabling endosomal escape, and bypassing rapid renal clearance [67]. miRNA
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molecules are negatively charged and hydrophilic, therefore, incorporation of the
negatively charged nucleic acid with cationic lipids or polymers resulting in a net
positive charge enables it to cross the negatively charged cell membranes by receptor mediated endocytosis or pinocytosis. The nanoparticle complex (<100 nm in
diameter) is coated with targeting molecules that can specifically interact with the
target antigen on the cell surface. The outer surface of the nanoparticle contains
hydrophilic groups in order to avoid rapid clearance by the reticuloendothelial system and enhance circulation time when injected into the bloodstream.
The nanocarriers then escape from the early endosome in order to avoid fusion
with the lysosome and ultimately elimination via the Golgi system. The nonviral
miRNA delivery by nanocarriers can generally be divided into three main categories: complexation, encapsulation, and conjugation. Complexation is the formation
of an electrostatic complex between the negatively charged miRNA and the positively charged vehicle. Liposomes which are lipid vesicles composed of bilayer
phospholipid membrane are the best examples. Encapsulation inside biodegradable
nanoparticles such as PLGA or silica nanoparticles is another approach for miRNA
delivery. The cargo is released following intracellular dissolution of the particle.
This method is advantageous since it does not require the use of potentially toxic
cationic materials.
Conjugation is the process of covalently binding the miRNA to its carrier using
different linkers that will release the cargo specifically at the target site either by
hydrolysis or reduction. Conjugation results in a highly stable delivery system that
can effectively protect miRNA in the bloodstream [65]. Three forms of chemically
modified oligonucleotides that have been used are (a) 2′-O-methyl-group (OMe)modified oligonucleotides; (b) 2′-O-Methoxyethyl-modified oligonucleotides; and
(c) Locked nucleic acid or LNA [68]. Another approach involves linking a RNA-
binding protein or domain to the Fab fragments of a cell or tissue-specific antibody.
The high affinity and binding specificity of antibodies make them attractive vehicles
for targeted delivery of miR mimics or anti-miRs in vivo. Other considerations that
need to be factored in, when designing the delivery system, include the knowledge
of the tissue architecture, the microenvironment, and therapeutically meaningful
doses that is required for efficient miRNA inhibition. Designing a delivery system
that is more efficient in releasing the miR mimics or anti-miRs from the endosomes
will considerably decrease the therapeutic dose of the oligonucleotides and improve
therapeutic potential (Fig. 15.5).

Conclusion
The induction and silencing of a unique set of genes represent a trigger for the onset
of pathology and restoration of the normal expression levels is key to the repair
process. This well-orchestrated symphony is under the control of the small nucleotide regulators in the body called microRNAs. In this chapter, we have reviewed the
miRs that have been identifying to be dysregulated during the different stages of the
healing cascade.
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Fig. 15.5 Strategies of miR manipulation. Electroporation device for nanodelivery of miR
manipulators

As newer miRs and targets for these miRs are discovered, the therapeutic
prospect will improve for use of miR manipulators in skin injury repair.
microRNA-210, which is induced highly in ischemic conditions, is already being
tested in a clinical trial as molecular marker that can be used to predict healing outcomes, thereby making treatments more accurate and efficient. Further development of the technology into a successful therapy will involve (a) identification of
new miRNA targets and dissecting their function; (b) identifying and improving
agents capable of successful in vivo delivery of the antagomiR; and (c) delivering
the nucleotides to the specific targeted sites. Thus, along with identifying new
microRNA targets, future investigations need to be directed towards more efficient
in vivo delivery systems.
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Chapter 16

Essential Role of microRNA in Skin
Physiology and Disease
Damjan Glavač and Metka Ravnik-Glavač

Abstract The identiﬁcation and characterization of microRNAs (miRNAs) is a
rapidly growing area of research also in dermatology. Skin represents the largest
organ in the human body, and its morphogenesis has been shown to require a highly
coordinated and undisrupted miRNA proﬁle. High expression of several miRNAs in
the epidermis and hair follicles is necessary for normal skin development. Proﬁling
studies have identiﬁed numerous differentially regulated miRNAs associated with
either normal physiological status of the skin or some pathological processes or
both. This chapter covers current knowledge of the important roles of miRNAs in
the pathogenesis of some skin diseases including systemic lupus erythematosus
(SLE), systemic sclerosis (SSc), dermatomyositis (DM), psoriasis (PS), and skin
cancer, especially malignant melanoma (MM). In addition, the diagnostic and therapeutic relevance of miRNAs that are involved in pathological processes of the skin
are elucidated providing further information for some possible clinical implications
especially for their use as therapeutic targets or disease biomarkers.
Keywords Skin diseases • Psoriasis • Malignant melanoma

Introduction
The skin is an essential and the largest organ in our body; it is metabolically active
and regenerative through our life. It comprises about 15 % of the total body weight
and is the body’s primary defense structure. Skin has three layers: the epidermis, the
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dermis, and hypodermis. The composition and thickness of the epidermis and dermis
vary from 0.04 to 1.6 mm depending on the location on the body. The primary cell
in the epidermis is the keratinocyte. Additional cells include the melanocytes (cells
of neural crest origin that produce pigment), the Langerhans cells (mobile, dendritic
antigen-presenting cells), and the Merkel cells (cells with both neuroendocrine and
epithelial features that synapse with the dermal sensory axons and adjacent epithelial cells and are sensitive to mechanical stimuli [1].
The dermis, located between the subcutaneous and dermal–epidermal junction,
measures from 0.3 mm on the eyelids to 3.0 mm on the back. The dermis and its
blood supply are responsible for delivering nutrients and circulatory support.
Communication is ongoing between the dermis and epidermis. The skin’s color is
created by melanocytes producing the pigment melanin and they are located in the
epidermis. Functionally, the skin has the biggest challenge of any organ of the body.
It is exposed and responds to environmental challenges. Every minute around
30,000 of our outermost skin cells die. The skin is also a highly active biological
factory for protein synthesis and metabolism, signaling molecules and lipids, and an
integral part of the immune, nervous, and endocrine systems [2].
Skin maintenance is the primary therapy for wound prevention: a wound is
deﬁned as the absence of healthy, normally developed, and intact skin. However, all
of the functions of the skin change with age. The skin is therefore a complicated
structure with many functions. Skin aging and failure, not usually visible processes,
become evident when the skin is affected. In the failing individual, skin deterioration
is the outward manifestation of faltering physiology. Even in the healthy aged population, normal and expected changes occur, leading to many problems [3]. Recent
advances in miRNA research and technology in skin have provided evidence of the
importance of miRNAs in normal cellular skin function and also in skin diseases.

miRNA Technology
High-throughput miRNA gene expression analysis is a technical challenge. The
short length and uniqueness of each miRNA render many conventional tools ineffective; very small RNAs are difﬁcult to reliably amplify or label without introducing bias. Earlier attempts at detection and identiﬁcation of miRNA included three
approaches: hybridization-based methods (e.g., Northern blot), PCR-based detection, and cloning methods. Based on these initial approaches, higher-throughput
technologies have been developed systematically to proﬁle miRNA on a genomewide scale [4]. Three main methods are currently used to measure the expression
levels of miRNAs: real-time reverse transcription-PCR (qPCR) [5, 6], microarray
hybridization [7, 8], and massively parallel/next-generation sequencing (NGS) [9].
Each of these methods has its unique challenges for use in miRNA proﬁling.
Microarray analysis is challenged by differentiating between mature and precursor
miRNAs and differentiating among different miRNAs that differ by only one or a
few nucleotides. Furthermore, the target preparation in itself is challenging due to

16

Essential Role of microRNA in Skin Physiology and Disease

309

the fact that miRNAs are relatively short; in addition, there are limitations in probe
designing and hybridization conditions to account for the unequal Tm of mature
miRNAs [7]. NGS is increasingly popular because it allows for the discovery of
new miRNAs together with quantitative expression analysis. As a result, the continued reﬁnement of miRNA databases necessitates frequent changes to miRNA array
probe design and annotation. However, NGS has its limitations as miRNAs can be
inﬂuenced by sequencing errors and often require search and removal of adaptor
sequences before the miRNA sequence itself can be elucidated [10]. In addition,
both the RNA ligation [11] and the PCR ampliﬁcation steps bear inherent biases and
the method is costly; associated tools for computational analysis are still in developing stages [10].
It was shown also that miRNA proﬁling with )NGS is strongly biased toward
certain small RNAs, which makes NGS inappropriate for absolute quantiﬁcation of
miRNAs, but not for differential miRNA expression analysis [12]. These biases
were dependent on library preparation and were also observed in quantitative
reverse transcription polymerase chain reaction (qPCR) ampliﬁcations [13]. Rapid
increase in the number of miRNAs renders qPCR inefﬁcient on a genomic scale,
and it is probably better used as a validation rather than a discovery tool [10].
Microarray-based techniques have the advantages of being relatively costeffective, relatively quick from RNA labeling to data generation, and simple to use.
The differences between available platforms range from surface chemistry and printing technology, through probe design and labeling techniques, to cost. Among the
available commercial miRNA microarray platforms, the single-color array format is
the most common, but miRNA proﬁling platform technology has also been developed that provides both sequence and size discrimination for mature miRNAs [14].
In the studies comparing miRNA proﬁling results using different methodologies
including different microarray platforms, qPCR and NGS, it was shown that the
platform which uses direct labelling methods is probably less prone to ampliﬁcation
biases than PCR-based labelling methods, indicating that the technology type is not
the major variability factor. It is likely that other factors, such as microarray probe
design, target preparation, or hybridisation stringency are more important [10, 13].

miRNAs and Normal Skin Development
High expression of several miRNAs in the epidermis and hair follicles is necessary
for normal skin development. The global importance of miRNAs in skin development was revealed in functional studies on animal models by targeting critical components in the miRNA biogenesis pathways such as Drosha-DGCR8 or Dicer.
Mutants of Dicer and Dgcr8 conditional knockouts present similar phenotypes of
severe defects in murine embryonic skin development. Both mutants have been
characterised by rough skin, failure to thrive, defects in hair follicle slow-growth,
and apoptosis [15]. Because the epidermis and hair follicles are accessible and easy
to manipulate genetically, they also represent a good system to investigate the
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functions of miRNA. In 2006 Yi and coworkers showed that many skin miRNAs are
differentially expressed in the epidermis and hair follicles. They have cloned more
than 100 miRNAs from skin and they have found 33 highly expressed miRNAs (>1
% abundance) in epidermis with three of them miR-200a, miR-141, and miR-429
being absent in hair follicles. Another 15 miRNAs were more abundant in epidermis
than hair follicles. Interestingly, speciﬁc to only the hair follicle there were six
abundant miRNAs, including the miR-199a family [16].
This early research on skin miRNA forms a basis to establish precisely the function of individual miRNAs in the skin. miRNA-203 has been identiﬁed as a skinspeciﬁc microRNA which was also the ﬁrst skin miRNA thoroughly investigated.
Expression of miR-203 depends on the stages of skin development and is cell speciﬁc. Overexpression of miR-203 in keratinocytes enhances keratinocyte differentiation. miRNA-203 has several validated targets [17]. One of those targets was p63
identiﬁed as a regulator of stem-cell maintenance in stratiﬁed epithelial tissue. miR203 represses the expression of p63 and at least in part acts as a switch between
proliferation and differentiation. Highly expressed miR-203 in the suprabasal layer
has been shown to repress the expression of p63, thus reducing the proliferative
potential of terminally differentiating keratinocytes [18].
In addition to miR-203, recent studies have also recognised several other miRNAs involved in skin development and homeostasis. For example, repression of
miR-34 transcription by p63 is important to maintain cell cycle progression in epidermal cells [19]. miR-125b has been shown to be highly expressed in skin stem
cells, in contrast to dramatically lower expression in their early progeny [20]. The
miR-200 family and miR-205 are both highly expressed in normal skin. These miRNAs have been shown to target ZEB1 and ZEB2, which are both transcriptional
repressors of E-cadherin [21]. On the other hand it was shown that downregulation
of the miR-200 family and miR-205 induces an epithelial-to-mesenchymal transition in conjunction with upregulation of ZEB1 and ZEB2 [22].
In recent years NGS high-throughput sequencing technology was used for proﬁling the expression of various RNA species on a genomewide scale with singlenucleotide resolution. Recent NGS studies have indicated that more than 200
novel loci in the human genome were identiﬁed as hosting novel miRNAs and
miRNA candidates, some of them also of particular interest in skin conditions such
as psoriasis [23].

miRNAs in Skin Diseases
Many studies address the question of the pivotal role of miRNAs in the pathogenesis of various human disorders including skin diseases. First, miRNAs are important in the regulation of development, especially in regulating the timing of
morphogenesis and the maintenance of undifferentiated or incompletely differentiated cell types (stem cell differentiation, cardiac and skeletal muscle development,
neurogenesis, haematopoiesis, etc.). Second, they are involved in several
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physiological processes such as insulin secretion, cholesterol metabolism, and
immune response. Third, miRNAs have been linked to the formation of tumours
and abnormal regulation of the cell cycle, where they can function as both oncogenes and tumour suppressors. Fourth, in addition to abnormal miRNA expression
proﬁles in diseased in comparison to healthy tissues, disruptions of miRNA target
interaction in the form of single-nucleotide polymorphisms (SNPs) either in the
miRNA gene or its target site (3′ UTR mRNA) could lead to complete gain or loss
of miRNA function, thus also leading to a disease state [24].
The role of miRNA in autoimmune diseases (AIMDs) is of special importance as
skin lesions are an early manifestation in many of those conditions. AIMDs arise
from an abnormal immune predisposition and environmental exposure. Given that
miRNAs play key roles also in the regulation of the immune system, it is not surprising that several studies revealed links between miRNA dysfunction and AIMDs
with skin involvement. They include among many others also systemic lupus erythematosus (SLE), systemic sclerosis (SSc), dermatomyositis (DM), and most notably, psoriasis (PS).

miRNAs in Psoriasis
Psoriasis is a common, chronic, immune-mediated systemic disease characterised
by skin lesions. The causes of psoriasis are not fully understood. Psoriasis is an
organ-speciﬁc autoimmune disease and the most prevalent chronic inﬂammatory
skin disease, affecting 1–3 % of the population. Genetic and environmental factors
in connection to abnormal regulation of the immune system are thought to be
involved in pathogenesis of the disease. Several different cell types, keratinocytes,
ﬁbroblasts, monocyte-derived immune cells, T cells, and mast cells, which normally occur in skin, are relevant in the formation of psoriatic lesions [25].
Keratinocytes show abnormal differentiation and proliferation because of aberrant
cell signalling and production of mediators involved in immune cell activation. It is
widely accepted that psoriasis is a consequence of impaired crosstalk between the
immune system and the structural cells of the skin [26]. To show a speciﬁc miRNA
expression proﬁle in psoriasis-affected skin, representing leukocyte- and keratinocyte-derived miRNAs, Sonkoly and coworkers compared psoriasis-affected skin to
atopic eczema and to healthy human skin and identiﬁed miR-203, along with miR146a, miR-21, and miR-125b, as a psoriasis-speciﬁc miRNA [27]. They also
observed downregulation of an evolutionary conserved SOCS3 protein. This protein is involved in inﬂammatory responses and keratinocyte proliferation and differentiation. In response to IL-6, which is a cytokine present in the psoriatic lesions,
STAT3 transcription factor is activated, which leads to development of psoriatic
plaques [28]. SOCS3, target of miR-203, functions also as an inhibitor of the activation of STAT3. It is suggested that the SOCS3 suppression by miR-203 in psoriatic
lesions would lead to constant activation of STAT3, subsequent inﬁltration of
immune cells, and the development of psoriatic plaques [27].
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Identiﬁed psoriasis-associated miRNAs in the skin showed different expression
proﬁles among 21 studied organs. miR-203 was expressed more than 100-fold
higher in skin compared to most other organs, and at lower levels in organs with
squamous epithelium, suggesting a speciﬁc function for this miRNA in the formation/function of squamous epithelia. miR-146a, miR-21, and miR-125b were
detected in all studied organs, but their expression showed different patterns. miR146a was highly expressed in organs containing a high percentage of leukocytes
with lower expression in healthy skin, suggesting that inﬁltrating cells express miR146a in the skin. miR-125b was expressed mostly in organs containing cells of
ectodermal origin. miR-21 showed the highest expression in the bladder, lung, prostate, and colon [27].
Systematic analyses of expression of identiﬁed psoriasis-associated miRNAs in
the skin revealed a list of microRNA listed in Table 16.1 and Fig. 16.1. TNF-alpha
is one of the most important mediators in leukocyte–keratinocyte interactions in
psoriasis [26]. Psoriasis-speciﬁc miRNA, miR-146a, inhibits the expression of two
Table 16.1 Summary of involvements of miRNAs and miRNAs putative targets in the
pathogenesis of psoriasis [27, 30–35]
miRNA
miR-19a
miR-21

miR-31
miR-99a
miR-125b
(miR125b-1,
miR125b-2)
miR-146a

miR-150
miR-197
miR-203
miR-423
miR-424

Putative targets
CCND1, KIT
BTG2, PDCD4,
RASGRP1, RPS7, TIMP3,
SOX5, RECK, TGFBR2,
PTEN, TPM1, APAF1,
BMPR2, MSH2, MTAP
STK40, DKK1, DACT3
mTOR, IGF1R, FGFR3
ERBB2, CBFB,
TP53INP1, KLF13

Cell type
Hair roots
Dendritic and mast
cells

Location
13q31.3
17q23.1

Regulation
Up-regulated
Up-regulated

Keratinocytes
Skin
Fibroblasts

9p21.3
21q21.1
11q24.1,
21q21.1

Up-regulated
Down-regulated
Down-regulated

CXCR4, TLR4, TRAF6,
IRAK1, BRCA1, NFKB1,
SMAD4
MYB, EGR2
IL22RA1
SOCS-3, p63, TNFα,
IL-24
CDKN1A
MEK1, HIF1A, CUL2,
SPI1, CCNE1, CCND3,
CDK6, CCND1,
MAP2K1, MYB, SIAH1

Dendritic and mast
cells

5q34

Up-regulated

Skin
Keratinocytes
Keratinocytes

19q13.33
1p13.3
14q32.33

Down-regulated
Down-regulated
Up-regulated

Skin
Keratinocytes

17q11.2
Xq26.3

Unchanged
Down-regulated

There are several web-based computational miRNA target gene prediction programs including:
miRTarBase (http://mirtarbase.mbc.nctu.edu.tw), PicTar (http://pictar.mdc-berlin.de/), and
TargetScan (http://www.targetscan.org/)
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Psoriatic skin

Normal skin

b

a

miR-99a
miRNA-34a/c, miR-125b, miR-135, miR-203,
miR-205, miR-423

miR-150

miR-19a

miR-31

miR-203

miR-197

miR-424

miR-155
miR-125b

miR-21

miR-146a

Fig. 16.1 miRNAs in normal skin (a) and psoriatic skin (b): ﬁve most prominent downregulated
miRNAs (in red) and ﬁve most prominent upregulated miRNAs (in black)

regulators of the TNF-a signalling pathway, IRAK1 and TRAF6. Thus, miRNA-146a
is probably involved in the pathogenesis of psoriasis via the modulation of TNFalpha signalling in the skin [27, 29].

miRNAs in Systemic Lupus Erythematosus, Systemic
Sclerosis, and Dermatomyositis
Dai and coworkers compared the levels of miRNAexpression in SLE patients with
idiopathic thrombocytopenic purpura (ITP) patients using miRNA microarrays.
They found 22 SLE- and ITP-related miRNAs, of which 13 miRNAs had the same
expression pattern in both SLE and ITP and might be generally associated with
AIMDs. Three miRNAs were SLE-related and may be involved in systemic inﬂammation; the other 6 ITP-related miRNAs may have functions in organ-speciﬁc
destruction of thrombocytes. Thus, SLE-speciﬁc and ITP-speciﬁc miRNAs are
potential biomarkers for differential diagnosis of SLE and ITP and are probably
involved in pathogenesis of the SLE and ITP [36]. In another microRNA-SLE
related study miRNA-142-3p and miRNA-142-5p were signiﬁcantly downregulated
in SLE CD4+ T cells compared with normal healthy controls [37].
Lower expression of miRNA-146a has been found to be negatively correlated
with SLE disease activity. At the molecular level, miRNA-146a targets IRF5 and
STAT1 which are important transcription factors related to the interferon signalling
network [38]. Decreased miRNA-145 and increased miRNA-224 expression in T
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cells from patients with SLE were also reported [39]. The aberrant production of
cytokines and chemokines in SLE T cells are also mediated by the abnormal downregulation of miRNAs. T cells from SLE patients produce remarkably low amounts
of IL-2 upon activation. A recent report has demonstrated that the signiﬁcant reduction in miRNA-31 expression in SLE T cells is positively correlated with the lowered IL-2 production [40].
Type I IFN is recognised as the central player in SLE pathogenesis from the
striking correlation between the deregulated type I IFN-inducible gene expression
pattern and SLE disease activity, also known as the “IFN signature” of SLE [41].
There are fewer studies on miRNA expression in B cells in patients with SLE. Liu
and colleagues have reported a direct interaction between miRNA-30a and the
3′-UTR of Lyn mRNA in association with deregulated B cell functions in SLE
patients [42]. Three miRNA polymorphisms miRNA-499 rs3746444, miRNA-146a
rs57095329, and miRNA-146a rs2910164, were investigated in patients with rheumatoid arthritis (RA) or SLE using a meta-analysis approach. The results demonstrate that miRNA-499 rs3746444 polymorphism has a signiﬁcant association with
RA but not with SLE, miRNA-146a rs57095329 has a signiﬁcant association with
SLE, and miRNA-146a rs2910164 has no association with either RA or SLE [43].
Collectively, there is a lack of distinct pattern in speciﬁc deregulated miRNA expression in SLE among the reviewed studies. Further studies with a larger sample size
are needed to evaluate the association of miRNA with SLE precisely.
The expression pattern of multiple miRNAs in individual patients with scleroderma with that in normal subjects was also compared and signiﬁcant difference
observed. Levels of let-7g and miR-125b showed strong correlation in normal subjects, but not in patients with scleroderma. The miRNA expression pattern of combined miR-206 and miR-21 was useful to distinguish patients with scleroderma
[44]. The possibility to use miRNA-29a levels in hair as a disease marker of patients
with scleroderma was also evaluated. Comparison of miR-29a levels in scleroderma
patients, dermatomyositis patients, and normal controls revealed lower levels of
hair miRNA-29a in scleroderma patients than those in control subjects or dermatomyositis, suggesting that hair miR-29a microRNAs may serve as an independent
biomarker [45]. Downregulation of miR-29a is thought to mediate the posttranscriptional upregulation of collagen, which contributes to the tissue ﬁbrosis in
scleroderma [46]. In another similar study serum and hair root of miRNA-196a
levels were not signiﬁcantly changed in scleroderma patients, whereas miRNA196a levels in hair shafts were signiﬁcantly decreased in scleroderma patients compared to those in normal subjects [47].
The levels of extracellular circulating miRNA levels have been detected in several skin diseases in which objective biomarkers have not been in clinical use and
they are listed in Table 16.2. In dermatomyositis patients, for example, serum
miRNA-21 levels were signiﬁcantly upregulated and correlated with serum IgG levels whereas serum miRNA-223 and miRNA-7 were downregulated [48, 49]. In psoriatic patients a statistically signiﬁcant difference in the serum levels of miR-125b,
miR-146a, miR-203, and miR-205 among normal subjects and psoriasis patients was
reported [50]. In scleroderma patients serum miRNA-150 levels were decreased and
those patients tended to have more severe clinical manifestations [51].
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Table 16.2 Summary of miRNA, miRNAs putative targets, and miRNAs expression in serum of
patients with skin diseases [27, 35, 50–56]
miRNA
miR-7
(miR7-1,
miR-7-2,
miR-7-3)
miR-21

miR-24
(miR24-1,
miR24-2)

miR-29a

miR125b
(miR125b-1,
miR125b-2)
miR-143

miR146a

miR-150

Putative targets
EGFR, RAF1,
SNCA

Disease
Dermatomyositis

Location
9q21.32,
15q26.1,
19p13.3

Regulation
Down-regulated

BTG2, PDCD4,
RASGRP1,
RPS7, TIMP3,
SOX5, RECK,
TGFBR2, PTEN,
TPM1, APAF1,
BMPR2, MSH2,
MTAP
CDKN1B,
FEN1, CDK4,
CCNA2,
AURKB, MYC,
E2F2, DHFR,
HNF4A,
BRCA1,
POLD1, Smad3,
CDK1
SPARC,
DNMT3A,
MCL1, PPM1D,
CDK6,
SERPINB9
ERBB2, CBFB,
TP53INP1,
KLF13

Psoriasis,
Dermatomyositis

17q23.1

Down regulated in
psoriasis; up-regulated
in dermatomyositis

Psoriasis

9q22.32,
19p13.13

Unchanged

Scleroderma

7q32.3

Unchanged, decreased
in scleroderma
spectrum disorder

Psoriasis

11q24.1,
21q21.1

Down-regulated

KRAS, MAPK7,
MYO6,
DNMT3A,
FNDC3B, JAG1
CXCR4, TLR4,
TRAF6, IRAK1,
BRCA1,
NFKB1,
SMAD4
MYB, EGR2,
MUC4, ZEB1

Psoriasis

5q32

Up-regulated

Psoriasis

5q34

Down-regulated

Scleroderma

19q13.33

Down-regulated
(continued)
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Table 16.2 (continued)
miRNA
miR196a
(miR196a1,
miR196a2)
miR-203

Putative targets
HOXC8,
ANXA1,
HOXB7,
BACH1,
HMOX1

Disease
Scleroderma

Location
17q21.32,
12q13.13

Regulation
No change

SOCS-3, p63,
TNFα, IL-24

Psoriasis

14q32.33

miR-205

ZEB1, ERBB3,
ZEB2, EGLN2
NFIA, MEF2C,
STMN1, LMO2,
RHOB, CHUK,
PARP1
MEK1, HIF1A,
CUL2, SPI1,
CCNE1,
CCND3, CDK6,
CCND1,
MAP2K1, MYB,
SIAH1

Psoriasis

1q32.2

Down-regulated in
serum (up-regulated in
keratinocytes)
Down-regulated

Psoriasis,
Dermatomyositis

Xq12

Psoriasis

Xq26.3

miR-223

miR-424

Up-regulated in
psoriasis, downregulated in
dermatomyositis
No change in serum
(down-regulated in
keratinocytes)

miRNAs and Malignant Melanoma
Malignant melanoma is the most aggressive form of skin cancer and, according to
the World Health Organization (WHO), the number of melanoma cases worldwide
is increasing faster than that of any other type of cancer. Melanoma accounts for
only about 4 % of skin cancer cases but for as many as 74 % of all skin cancer
deaths. Although there is a good chance for the recovery of patients suffering from
melanoma, if the primary lesion is detected very early (more than 90 % survival in
stage I melanomas), prognosis of 5-year survival for more advanced melanomas
drops down across approximately 60 % (stage II) of cases to as low as 10 % (stage
III) or to even complete fatality (stage IV). This reﬂects the current lack of therapeutic approaches for treating advanced melanoma [57].
That miRNA proﬁles were suitable to classify melanoma with respect to their
developmental lineage and differentiation state was shown ﬁrst in the study of Lu
et al. [58]. Further studies included more melanoma and other cancer cell lines analysing miRNA copy number or miRNA expression patterns [59, 60]. They identiﬁed
a set of 15 miRNAs that were expressed signiﬁcantly differently in the eight
melanoma cell lines [60]. In 2009, more comprehensive studies were published [61,
62], carrying out a detailed comparison of the miRnomes of normal human melanocytes to well-characterised melanoma cell lines derived from primary tumours and
melanoma metastases. It has been shown that several miRNAs are associated with
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malignant transformation as well as with different steps of melanoma progression,
including invasion and metastasis [61]. In order to determine miRNAs which were
deregulated in the transition of melanocytes into melanoma cells, Mueller and
coworkers compared expression of 461 miRNAs in melanocytes with primary melanoma cell lines. They detected 77 upregulated and only 14 downregulated miRNAs
in primary melanoma cell lines. Of these 49 miRNAs were upregulated more than
tenfold in primary melanoma cell lines or were not expressed in melanocytes but
highly expressed in primary melanoma cell lines thus strongly associated with early
progression. Comparing miRNA expression levels in primary melanoma cell lines
and melanoma cell lines derived from metastatic melanomas revealed 13 differently
regulated miRNAs associated with metastatic colonisation [61]. Using real-time
PCR to determine the expression level of 16 potentially relevant miRNAs of 6 preparations of normal melanocytes versus 10 melanoma cell lines and in formalin ﬁxed
parafﬁn embedded tissue of 11 melanocytic nevi versus 16 melanomas, miR-15b
and miR-210 were signiﬁcantly upregulated, whereas miR-34a was signiﬁcantly
downregulated in melanomas compared with melanocytic nevi. These 3 miRNAs
were further analysed in a total of 128 primary melanomas from patients with
detailed clinical follow-up information. High expression of miR-15b was signiﬁcantly associated with poor recurrence-free survival and overall survival.
Downregulation of miR-15b in two melanoma cell lines with high miR-15b expression by transfection with anti-miR-15b siRNA was associated with reduced tumour
cell proliferation, whereas apoptosis was increased. MiR-15b thus appeared to represent a particular important miRNA in melanoma that is associated with poor prognosis and tumourigenesis [62].
Melanoma cell lines and patient tissue samples including benign nevi and primary and metastatic tumours were analysed, in order to compare their miRNA
expression pattern with those of the cell lines. Using miRNA microarrays and realtime miRNA reverse transcription-PCR arrays, followed by qPCR validation
Philippidou et al., 2010 detected inconsistent results, both between different detection techniques as well as between tissue samples and cell lines. Nevertheless, they
identiﬁed miRNA-200c to be consistently downregulated in melanocytes, melanoma cell lines, and patient samples, whereas miRNA-205 and miRNA-23b were
markedly reduced only in patient samples [63].
In a recent study [64] an exploratory microarray analysis was performed by
miRNA expression proﬁling based on platform screening for 1205 human miRNAs
using specimens excised from the center of tumours from patients with primary
cutaneous malignant melanoma (PCMM), cutaneous malignant melanoma metastases, and benign melanocytic tissue obtained during surgery. The results from the
microarray analysis were validated by TaqMan quantitative real-time polymerase
chain reaction. They conﬁrmed signiﬁcantly increased expression of several miRNAs associated with PCMM development including hsa-miR-106, hsa-miR-126,
hsa-miR-133a, hsa-miR-141, hsa-miR-145, hsa-miR-15b, hsa-miR-200c, hsamiR-210, and hsa-miR-27b [61, 62, 65, 66] as well as those signiﬁcantly downregulated that have been repeatedly described in other studies and include miRNAs hsa
let-7a, hsa-let-7b, hsa-miR-155, hsa-miR-324-5p, and hsa-miR-34a [61, 62, 65, 67,
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68]. In addition to the above-mentioned miRNAs previously known to be associated
with cutaneous malignant melanoma (CMM), Sand et al. 2013 [64] reported additional novel candidate miRNAs to be deregulated in CMM patient samples. Among
them hsa-miR- 22, hsa-miR-130b, hsa-miR-146b-5p, hsa-miR-223, hsa-miR-301a,
hsa-miR-484, hsa-miR-663, hsa-miR-720, hsa-miR-1260, hsa-miR-3663-3p, hsamiR-4281, and hsa-miR-4286 were found to be upregulated, and hsa-miR-24-1*,
hsa-miR-26a, hsa-miR-4291, hsa-miR-4317, and hsa-miR-4324 were downregulated . Of these hsa-miR-130b and hsa-miR-26a were also conﬁrmed in a study
using next-generation sequencing methodology [69].
The majority of studies has shown miRNAs deregulated in melanoma using
mostly cell lines [61, 70–75] and fewer studies using specimens of primary tumours
[63, 76–78] or melanoma metastases [79]. In addition, these studies were based on
microarray hybridisation or real-time quantitative RT-PCR (qRT-PCR) techniques,
which are limited to the detection of known miRNA sequences previously identiﬁed
by sequencing or homology searches.
NGS sequencing is a promising alternative technology as it is unable to identify
and quantify also novel miRNAs. Stark and coworkers deep sequenced small RNA
libraries from melanoblasts, melanocytes, and congenital nevi as well as from acral,
mucosal, cutaneous, and uveal melanoma cells, and identiﬁed 539 known mature
miRNAs along with 279 predicted novel miRNAs. Some of the potentially novel
miRNAs were likely to be speciﬁc for the melanocytic lineage and might become
interesting candidates in melanoma research [80].
In a recent study Kozubek and coworkers used deep sequencing to characterise
the miRNA transcriptome in melanoma [69]. They compared miRNA proﬁles of
biopsies of nevi, thick primary melanomas, and metastatic melanomas with matched
normal skin in parallel to melanocytes and melanoma cell lines (both primary and
metastatic) and identiﬁed 698 differently expressed miRNAs. In the set of 40 miRNAs that were most statistically signiﬁcantly differentially expressed in all samples
they conﬁrmed 23 (58 %) previously discovered miRNAs (including miR-15b,
miR-205, miR-23b, miR-126, miR-200c, hsa-let-7a, hsa-let-7b), introduced an
additional 17 (42 %) known and top-15 putative novel candidate miRNAs deregulated during melanoma progression. To classify benign from malignant lesions, they
performed an unsupervised clustering on all the samples and showed four major
subgroups with an almost-perfect separation between normal and cancer.
Downregulation of miR-144-3p, miR-181b-5p, miR-320a, miR-320c, miR-320d,
and miR-451a separated melanoma from normal skin, and downregulation of miR203, miR-204-5p, miR-205-5p, miR-211-5p, miR-23b-3p, miR-26a-5p, and miR26b-5p distinguished melanoma from nevi. Moreover, speciﬁc miRNA signature
distinguished primary melanomas from metastatic lesions. Higher levels of miR103/107 clusters in primary melanoma were associated with the clinical history of
early occult metastasis to sentinel lymph node and miR-205 was signiﬁcantly
decreased in primary melanoma and metastases to lymph node compared to nevi
[69]. miR-205 was shown also to be signiﬁcantly associated with worse clinical
outcome [81].
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Kozubek et al. also detected a signiﬁcant divergence in miRNA signature
between melanoma specimens and low-passage–number cell lines highlighting the
inherent epigenetic/genetic differences between human malignancies and their cultured counterparts. Inasmuch as most studies have proﬁled miRNAs from established melanoma cell lines compared to cultured melanocytes they further discussed
the possibility of making these miRNA results clinically irrelevant [69].

Functional Role of miRNAs in Malignant Melanoma
Because of the complexity of molecular mechanisms inﬂuenced by miRNA activity
and the heterogeneous experimental approaches, a complete picture of the role of
miRNAs in malignant melanoma is still missing [82].
miRNAs have been shown to be frequently located at fragile sites or at genomic
sites that are often altered in cancer. Some speciﬁc miRNAs that have been shown
to be underexpressed, mapped to regions that are frequently deleted or to be overexpressed and located at regions frequently ampliﬁed in cancers. Each miRNA can
control hundreds of gene targets and thus potentially inﬂuence almost every genetic
pathway. Recent evidence has shown that miRNA mutations or mis-expression correlate with various human cancers and indicates that miRNAs can act as either
tumour suppressors or oncogenes, depending on their downstream target genes
[83]. Generally, miRNAs in melanoma intersect with cycle/proliferation pathways,
cell invasion pathways, and cell survival pathways as well as modulate immune
response [79] (Fig. 16.2). Most functionally characterised miRNAs detected as
deregulated in melanoma tissues and conﬁrmed by different studies using different
methodologies and different techniques include let-7b, miR-200 family, miR-203,
miR-211-5p, miR-204-5p, miR-205-5p, miR-23b-3p, miR-26a-5p, and miR-26b-5p
as downregulated and miR-221/211, miR-21, miR-182, miR-30b/30d¸ miR-214,
and miR-148b as upregulated.

Downregulated miRNAs in Melanoma
Let-7b expression was signiﬁcantly reduced in melanoma compared to nevi, suggesting a role of let-7b in the transition from nevi to primary melanomas. The
3′UTRs of the human RAS genes contain multiple let-7 complementary sites,
allowing let-7 to regulate RAS expression [84]. Predicted targets of let-7 family
miRNAs include N-RAS, RAF, c-Myc, cyclins D1, D3, and A, and Cdk4, all of
which had been shown to play a role in melanoma biology [68, 85–87]. These studies demonstrated that let-7 family members act as tumour suppressors whose loss
may contribute to melanoma development and progression through the activation of
various oncogenic processes including signalling pathways acting on proliferation,
migration, and invasion.
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Fig. 16.2 miRNAs in melanoma cycle/proliferation pathways. http://www.kegg.jp/kegg/kegg1.
html

Recently, it was described that miR-26a inhibited tumour growth and metastasis
formation and upregulated let-7 [88, 89]. miR-26a was broadly reduced in multiple
cancers, and overexpression of miR-26a signiﬁcantly suppressed tumour growth
and metastasis both in vitro and in vivo, including melanoma, prostate, and liver
cancers. It was shown also that one miRNA can act as a modulator of another
miRNA biogenesis, because miR-26a directly targeted Lin28B and Zcchc11, two
critical repressors of let-7 maturation [90].
In both, primary and metastatic melanoma, compared with benign melanocytic
nevi, miRNAs of the miR-200 family, including miR-200a, miR-200b, miR-200c,
and miR-141 were shown to be downregulated during melanomagenesis and are
therefore suggested as tumour suppressors [77]. Overexpression of miR-200c was
reported to result in a signiﬁcant decrease of proliferation, migration, and drug
resistance in melanoma caused by miR-200c–mediated downregulation of BIM-1
[91]. Loss of miR-200c may also contribute to the release of repression of ZEB1, a
transcription factor that represses E-cadherin transcription, a major prerequisite for
epithelial–mesenchymal transition [92]. miR-141 showed an additional decrease in
melanoma metastases compared to primary melanoma [77].
In addition, miR-203, miR-211-5p, miR-204-5p, miR-205-5p, miR-23b-3p,
miR-26a-5p, and miR-26b-5p were downregulated in primary cutaneous melanoma
versus common nevi. Examining a speciﬁc KEGG pathway by downregulation of
these miRNAs in melanoma highlighted the mitogen-activated protein kinase
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(MAPK) signalling pathway. Within this pathway, often more than one miRNA is
predicted to target FGF18, PDGFRA, PIK3R3, PTEN, AKT2, and MAPK1, where
the same gene could be potentially targeted by several cotranscribed miRNAs. For
example, miR-205, miR-23b, miR-26a, and miR-26b converge on PDGFRA or
miR-211 and miR-204 converge on MAPK1, demonstrating a combinatorial effect
of miRNAs on the same target [69].

Upregulated miRNAs in Melanoma
Reports that the expression of the receptor tyrosine kinase c-KIT was found to
decrease with melanoma progression [93, 94] and that miR-221/222 target c-KIT in
papillary thyroid carcinoma [95] and in erythroleukemic cells [96] inﬂuenced
Felicetti et al. to analyse the expression of miR-221/222 and c-KIT in melanocytes
and melanoma cell lines including primary vertical growth phase and metastatic
melanomas. They found that miR-221/222 expression increased with tumour progression and reversely correlated with c-KIT expression. They also showed that
downregulation of PLZF in melanoma cells unblocks miR-221/222 which in turn
represses the expression of cyclin-dependent kinase inhibitor 1B (CDKN1B) and
c-KIT, leading to increased proliferation and inhibited differentiation, respectively.
Further in vivo experiments showed that overexpression of miR-221/222 promoted
tumour growth whereas inhibition of miR-221/222 by respective antagomirs suppressed tumour growth [97]. It was shown also that miR-221 and 222, by targeting
PTEN and TIMP3 tumour suppressors, induce TNF-related apoptosis-inducing
ligand (TRAIL) resistance and enhance cellular migration through the activation of
the AKT pathway and metallopeptidases. It was also demonstrated that the MET
oncogene is involved in miR-221 and 222 activation through the c-Jun transcription
factor [98]. In a recent study c-FOS was identiﬁed as another direct target of miR221 and 222 whose repression causes reduced apoptosis [99].
It was demonstrated in a recent study that levels of miR-21 were signiﬁcantly
increased in primary melanoma tissues as compared to benign nevi [100]. In a previous research Talotta et al. have found that the tumour suppressors PTEN and PDCD4
are downregulated by RAS in an AP-1 and miR-21 dependent fashion [101]. In
melanoma cell lines with high endogenous miR-21 expression downregulation of
miR-21 induced apoptosis, whereas proliferation was not signiﬁcantly altered.
miR-182 is frequently ampliﬁed in melanoma and was found to be upregulated
in melanoma cell lines and tissues [102]. MITF and FOXO3 were shown to be direct
targets of miR-182. In human tissues, expression of miR-182 increases with progression from primary to metastatic melanoma and inversely correlates with FOXO3
and MITF levels. Silencing of miR-182 led to apoptosis in melanoma cells and
diminished their invasive capacity in vitro [102].
Upregulated miR-30b/30d expression was described to correlate with melanoma
stage, metastatic potential, shorter time to recurrence, and reduced overall survival.
Ectopic expression of miR-30b/30d promoted the metastatic behaviour of mela-
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noma cells by directly targeting the GalNAc transferase GALNT7, resulted in
increased synthesis of the immunosuppressive cytokine IL-10, and reduced immune
cell activation and recruitment [60]. Similar oncogenic effects could also be
observed for miR-214, a driver of melanoma metastases [61]. Upregulation of miR214 and ALCAM and the loss of TFAP2 expression have been implicated in this
process, with TFAP2 a direct target of miR-214. miR-214 upregulated ALCAM,
acting transcriptionally through TFAP2 and also posttranscriptionally through miR148b (itself controlled by TFAP2), both negative regulators of ALCAM. A pathway
involving miR-214, miR-148b, TFAP2, and ALCAM was thus deﬁned which regulates melanoma cell migration, extravasation, invasion, and angiogenesis resulting
in establishing distant metastases in melanoma [62].

MiRNAs as Diagnostic and Prognostic Biomarkers
in Melanoma
Because of lineage-speciﬁc expression of some miRNAs, miRNAs have the ability
to subclassify tumour types more speciﬁcally than mRNAs. Furthermore, miRNAs
are important modulators of classical oncogenes and tumour suppressors, which
turn them into putative tumour suppressors or oncogenes. miRNAs are as well
extremely stable molecules, both in archived tissues and body ﬂuids, a property
which, in combination with their tissue speciﬁcity, makes them attractive candidate
biomarkers [103].
The remarkable stability of miRNAs in the bloodstream [104] and the ability of
miRNAs to distinguish between disease-free and disease-burdened patients offered
new hope of miRNA use in early detection or disease surveillance. Leidinger et al.
[105] identiﬁed a miRNA signature of melanoma comparing the miRNA proﬁles of
blood cells from patients with melanoma (n = 35) versus healthy donors (n = 20).
They detected 16 signiﬁcantly deregulated miRNAs (miR-186, let-7d, miR-18a,
miR-145, miR-99a, miR-664, miR-501-5p, miR-378, miR-29c, miR-1280, miR365, miR-1249, miR-328, miR-422a, miR-30d, miR-17) that could separate the
groups with a classiﬁcation accuracy of 97.4 %, a speciﬁcity of 95 %, and a sensitivity of 98.9 % by supervised analysis [105]. These results are particularly promising
because most of the patients included in the analysis were diagnosed with earlystage melanoma, suggesting the signiﬁcant potential of miRNA expression sensitivity to early disease changes and detection in blood cells.
In tissue samples different mi-RNAs signatures, namely downregulation of miR144-3p, miR-181b-5p, miR-320a, miR-320c, miR-320d, and miR-451a separated
melanoma from normal skin [69].
miRNAs may also have powerful prognostic potential in melanoma. Patient
melanoma specimens expressing lower levels of miRNA-205 by immunohistochemistry have been shown to associate tightly with signiﬁcantly shorter melanoma-speciﬁc survival, independent of melanoma stage, age, gender, or Breslow
depth [81]. In vitro and in vivo models have demonstrated that miR-205 overexpression impedes melanoma cell migration and invasion [91].
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Another miRNA, miR-29c, was demonstrated to be signiﬁcantly downregulated
in AJCC stage IV melanoma specimens compared to primary tumours. Elevated
expression of miR-29c signiﬁcantly predicted disease-free and overall survival [106].
Friedman and coworkers [107] performed a miRNA regression analysis comparing serum samples from patients with melanoma against serum samples from patients
with other cancers, systemic inﬂammatory disease, and healthy volunteers. They
found that miR-182 and miR-221 are speciﬁc for melanoma compared with all three
controls and that miR-182, miR-221, and miR-15b are predictive for metastasis. A
signature of ﬁve miRNAs (miR-150, miR-15b, miR-199a-5p, miR-33a, miR-424)
predicted high versus low recurrent-free survival groups [107]. Higher expression of
a signature of 18 miRNA: miR-150, miR-455-3p, miR-145, miR-342-3p, miR-497,
miR-155, miR-342-5p, miR-143, miR-193a-3p, miR-146-5p, miR-28-3p, miR-10b,
miR-193b, miR-28-5p, miR-143, miR-126, and miR-214 was signiﬁcantly correlated with longer survival in melanoma patients with metastasis [79].

miRNAs in Nonmelanoma Skin Cancer
miRNAs in Basal Cell Carcinoma
Basal cell carcinoma (BCC) is the most common form of human cancer, which
rarely metastasises [108]. In advanced cases, tumour growth can spread to types of
tissue other than skin, such as cartilage, bone, nerves, and vessels [109].
In a study by Heffelﬁnger et al. [110] a global miRNA expression was quantiﬁed
by high-throughput sequencing in nodular BCCs, a subtype that is slow growing,
and inﬁltrative BCCs, aggressive tumours that extend through the dermis and invade
structures such as cutaneous nerves. Twenty miRNAs showed statistically signiﬁcant differences in expression between nodular and inﬁltrative BCCs, including
miR-150, miR-31, miR-183, miR-146a, and miR-886-5p, which were validated
also by qPCR. The expression level of miR-183, a miRNA that inhibits invasion and
metastasis in several types of malignancies, was consistently lower in inﬁltrative
than nodular tumours and could be one element underlying the difference in
invasiveness [110]. In a microarray-based miRNA expression proﬁle study of
tumour biopsies of 7 patients with BCC of the skin compared to the adjacent nonlesional skin 16 signiﬁcantly upregulated (hsa-miR-17, hsa-miR-18a, hsa-miR-18b,
hsa-miR-19b, hsa-miR-19b-1*, hsa-miR-93, hsa-miR-106b, hsa-miR-125a-5p, hsamiR-130a, hsa-miR-181c, hsa-miR-181c*, hsa-miR-181d, hsa-miR-182, hsa-miR455-3p, hsa-miR-455-5p, and hsa-miR-542-5p) and 10 signiﬁcantly downregulated
(hsa-miR-29c, hsa-miR-29c*, hsa-miR-139-5p, hsa-miR-140-3p, hsa-miR-145,
hsa-miR-378, hsa-miR-572, hsa-miR-638, hsa-miR-2861, and hsa-miR-3196) miRNAs were identiﬁed. Data mining revealed connections to many tumour-promoting
pathways, such as the Hedgehog and the MAPK/extracellular signal-regulated
kinase signalling cascades [111].
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miRNAs in Cutaneous Squamous Cell Carcinoma
Cutaneous squamous cell carcinoma (cSCC)is an epithelial skin tumour that is the
second most common form of human cancer [108]. Some cSCCs become locally
invasive and show an aggressive course [112]. The rate of metastasis has been
shown to be 0.3–3.7 % with an overall 5-year survival rate <30 % in cases in which
it spreads systemically [113].
Microarray miRNA proﬁling of tumour biopsies from patients with cSCC and
adjacent healthy skin revealed three upregulated (hsa-miR-135b, hsa-miR-424, and
hsa-miR-766) and six downregulated (hsa-miR-30a*, hsa-miR-378, hsa-miR-145,
hsa-miR-140-3p, hsa-miR-30a, and hsa-miR-26a) miRNAs in cSCC [114].

Conclusion
The aberrant expression and function of miRNAs has been linked to the development and progression of many human diseases, including skin diseases. SLE, SSc,
dermatomyositis, psoriasis, and skin cancer, especially malignant melanoma, are
skin conditions which were intensively studied in recent years using miRNA technology. Some skin disease related speciﬁc miRNA and miRNAs signatures have
been identiﬁed and a few miRNA pathways elucidated. In the future more functional studies involving antagomirs will eventually lead to the conﬁrmation of present studies and identiﬁcation of new diagnostic and prognostic markers as well as
therapeutic targets to be tested in preclinical models.
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Chapter 17

microRNA and Allergy
Ana Rebane

Abstract Allergy is a common hypersensitivity disorder of the immune system,
which, along with other factors, is also subjected to regulation by microRNAs. The
most common allergic diseases are allergic rhinitis, asthma, atopic dermatitis, and
food allergy, which all are multifactorial and very heterogeneous conditions, highlighting the need for more individualized treatment techniques. More particular key
questions in relation to allergic diseases are how microRNAs inﬂuence the differentiation, polarization, plasticity and functions of T helper and other immune cells, as
well as the development of immune tolerance. In addition, microRNAs can affect
allergic inﬂammation and tissue remodeling through their functions in epithelial
and other tissue cells. Among immune system-related microRNAs, miR-21, miR146a, and miR-155 are the most intensively studied and have convincingly been
demonstrated to regulate immune responses and tissue inﬂammation in allergic diseases. Further characterization of microRNA functions is important, as similar to
other conditions, the modulation of microRNA expression could potentially be used
for therapeutic purposes in allergic diseases in the future. In addition, miRNAs
could be implemented as biomarkers for endotyping complex allergic conditions.
Keywords Noncoding RNA • Allergy • Asthma • Rhinitis • Dermatitis • Food
allergy

Introduction
Immune responses in health and disease are controlled by the dynamic and multifactorial regulation of gene expression in each cell type involved. A healthy immune
system detects and eliminates pathogens very efﬁciently. However, excessive and
inappropriate responses to self-antigens, pathogens, tissue damage, toxins, irritants,
and allergens may cause unreasonably strong inﬂammation, leading to autoimmune
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or allergic diseases [1–3]. The most common allergic diseases are allergic rhinitis,
asthma, and atopic dermatitis (AD), which can occur either alone or in combination
[4, 5]. A predisposition toward developing certain allergic reactions is also known
as atopy. Immunologically, atopy is characterized by the expansion of the Th2 cell
subset and IgE-expressing memory/effector B cells and plasma cells producing IgE
antibodies speciﬁc for common environmental allergens. Because allergic diseases
mainly affect tissues that interface with the environment, the role of epithelial cell
responses is important. In addition, various nonpathogenic and pathogenic microbes
and viruses affecting the same tissues enhance the complexity of the molecular
events that lead to or protect against the development of allergic inﬂammation [6].
For instance, human rhinoviruses (HRVs), which typically only cause the common
cold, may also cause long-lasting infection and acute asthma exacerbations in asthmatics [7, 8].
Atopic diseases possess a strong genetic component, which is well characterized
for AD. Numerous genetic studies of AD have identiﬁed candidate genes linked either
to the epidermal barrier, such as ﬁlaggrin (FLG) [9], or to immune processes, such as
IL4/IL13 receptor [10, 11], IL13 [12] and the α-chain of the high afﬁnity receptor for
IgE, FCER1A [13–15]. Distinct functional IL13 variants have been associated with
asthma susceptibility as well [16]. A recent meta-analysis of genome-wide association studies conﬁrms previous ﬁndings regarding the involvement of both the epidermal barrier function and immune dysregulation in AD pathogenesis [17].
Many studies have addressed the domination of Th2 cells in atopic diseases. As
one possibility, high IFN-γ-secreting Th1 cells in peripheral blood selectively
undergo activation-induced cell death and skew the immune response toward surviving Th2 cells in AD patients [18]. Albeit Th2 cells are dominant in the periphery
of atopic patients, Th1 type responses, such as an enhanced level of IFN-γ, in fact
appear to have a stronger inﬂuence on epithelial cells in the chronic phase of inﬂammation [14, 19–23].
Allergic diseases are very heterogeneous [24]. For example, both asthma and AD
were initially divided into either extrinsic or allergic or intrinsic, i.e., nonatopic,
disease. Recently, it has become clear that asthma and AD are far more complex
diseases composed of a number of variants with different underlying pathophysiologies. Accordingly, it has been proposed that asthma can be divided into distinct
disease entities called asthma endotypes, which link both the clinical characteristics
and underlying biology [25]. However, the currently used diagnostic techniques and
biomarkers do not allow for precise asthma endotyping.
The existing therapies for atopic diseases aim to control the symptoms. Despite
extensive research, there is no established method to prevent asthma and AD, and
the severe forms of these diseases are not well controlled [3]. Therefore, further
characterization of the molecular mechanisms contributing to the pathogenesis of
allergic diseases is important and ultimately could help in the development of more
personalized therapeutic approaches for these diseases.
Although studies on the functions of microRNAs in allergic diseases have
emerged during the last 5 years, the roles of miRNAs in the regulation and
pathogenesis of these diseases remain largely uncharacterized [26, 27]. Here, we
provide an overview of the microRNAs that inﬂuence the development of allergic
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diseases or impact the strength of inﬂammation in affected tissues. In addition, we
discuss the potential of microRNAs to serve as biomarkers and targets of gene therapy in allergic diseases.

Three Guardians of the Immune System

LPS, IL-1β

TNF-α

LPA, ?

IFN-γ

TLR2/4

TNFAR

GPCR

IFNGR

Three microRNAs, miR-21, miR-146a, and miR-155, are most likely the most
intensively studied immune system-related miRNAs and have also been shown to
play important roles in the development of allergic diseases and inﬂammation in
several studies. The functions and best characterized targets of miR-21, miR-146a,
and miR-155 are presented in Fig. 17.1.
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Fig. 17.1 The expression regulation and functions of miR-146a/b, miR-21, and miR-155. The
expression of miR-146a and miR-146b can be stimulated by activation of the NF-κB and JAK-STAT
signaling, respectively, while the expression of miR-21 and miR-155 can be upregulated by both
these pathways. miR-21 inhibits inﬂammatory responses by targeting tumor suppressors and a proinﬂammatory protein (PDCD4) that promotes the activation of [30] and contributes to Th2 polarization by targeting IL-12p35 [53]. miR-146a/b inhibit most probably the same set of target genes.
miR-146a/b directly downregulate IL-1 receptor-associated kinase 1 (IRAK1), TNF receptorassociated factor 6 (TRAF6) [31], which can be activated by TLR ligands, TNF-α and IL-1β, as well
as caspase recruitment domain-containing protein 10 (CARD10), which can be activated through G
protein-coupled receptors (GPCRs) by lysophosphatidic acid (LPA) or other unidentiﬁed factors, as
well as by IFN-γ in unknown manner [33, 34]. miR-155 promotes type I IFN signaling and contributes to the activation of NF-κB pathway by targeting suppressor of cytokine signaling 1, SOCS1 [41]
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miR-21 is mainly studied in connection with cancer, but it has been shown to
regulate several immunological processes as well [28]. miR-21 is highly expressed
in many cell types and can be further upregulated by signal transducers and activators of transcription 3 (STAT3) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) [29]. In mouse macrophages, miR-21 has been shown to
inhibit inﬂammatory responses by targeting tumor suppressors and a proinﬂammatory protein (PDCD4) that promotes the activation of NF-κB and controls
the production of immune-suppressor cytokine IL-10 [30].
Similarly, miR-146a is an anti-inﬂammatory miRNA known to inhibit the activation of the NF-κB pathway. miR-146a directly downregulates IL-1 receptorassociated kinase 1 (IRAK1), TNF receptor-associated factor 6 (TRAF6) [31],
Relb, a member of the non-canonical NF-κB/Rel family [32], and caspase recruitment domain-containing protein 10 (CARD10, also known as CARD recruited
membrane-associated protein 3, CARMA3) [33, 34]. miR-146a−/− mice develop
autoimmunity at approximately 6 months of age, which is caused by the overactivation of STAT1 in Treg cells, leading to increased IFN-γ production and an
inability to suppress immune responses mediated by Th1 cells [35–37]. Recent
studies demonstrate that in addition to miR-146a, miR-146b is expressed and plays
important roles in several different cell types [38, 39]. Mature miR-146a and miR146b differ from each other by two nucleotides, and they target the same or a very
similar set of genes because of their identical seed sequence [31, 40]. Although the
function of miR-146a has been studied intensively in immune system and in numerous diseases, the function and regulation of miR-146b is less well described. In
monocytes, miR-146b is upregulated via an IL-10-mediated STAT3-dependent loop
upon LPS stimulation and has been shown to directly target TLR4 [38]. In normal
breast epithelial cells, the expression of miR-146b is induced by IL-6 and IFN-γ
through activation of the STAT3 and STAT1 pathways, respectively [39].
In contrast to miR-21 and miR-146a/b, miR-155 acts primarily as a proinﬂammatory factor. miR-155 expression is induced upon vesicular stomatitis virus
infection in macrophages, which promotes type I IFN signaling by targeting suppressor of cytokine signaling 1, SOCS1 [41]. The suppression of SH2 domaincontaining inositol-5-phosphatase (SHIP1) by miR-155 results in activation of Akt
kinase and the upregulation of IFN response genes during the cellular response to
LPS [42]. In addition, miR-155 directly represses BCL6, a transcription factor that
attenuates NF-κB signaling, and this promotes atherosclerosis in mice [43]. miR155 also functions in the development and activation of adaptive immune cells,
including effector T cell subsets [44]. In addition, miR-155-deﬁcient mice are
defective in production of Th1 and Th17 cells and, therefore, are highly resistant to
experimental autoimmune encephalomyelitis [45].
Numerous other miRNAs control innate and adaptive immune responses. For
example, miR-301a, miR-9, miR-147b, and miR-125a have been shown to inﬂuence the activation of the NF-κB pathway [46], and miR-10a, miR-17-92, miR181a, miR-182, and miR-29a/b impact the differentiation and plasticity of T cells
[47]. In addition, miR-17-92, miR-34a, miR-150, miR-181b, miR-125b, and miR217 affect the development and functions of B cells [48]. Within the context of
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allergic diseases, it is particularly interesting to study how miRNAs inﬂuence Th2
polarization, Treg cell suppression capacity, and Ig class switching in B cells.

miRNAs in the Regulation of Effector T Cell Responses
in Allergic Diseases
Naïve T cells can differentiate into Th1, Th2, or Th17 cells, all of which can promote different types of inﬂammatory responses. Moreover, the established subsets
of effector T cells are rather heterogeneous cell populations, which often express
only one or two of the lineage speciﬁc cytokines and under certain conditions can
coproduce different amounts of the cytokines characteristic of other lineages, thus
leading to different functional outcomes [49–51]. Allergic diseases are characterized by the expansion of Th2 cells and IgE-expressing memory B cells and plasma
cells that produce IgE antibodies speciﬁc to common environmental allergens [3].
The characteristic cytokines for Th2 cells are IL-5, IL-4, and IL-13; however, the
Th1/Th2 balance is also inﬂuenced by Th1 cytokines, such as IFN-γ and IL-12, and
by innate immune responses of antigen presenting cells (APCs), dendritic cells
(DCs), and tissue macrophages, and responses of epithelial cells [52]. For example,
epithelial cells produce thymic stromal lymphopoietin (TSLP) in response to various stimuli and that contributes to activation of Th2 type responses. Coordinately,
all miRNAs regulating the balance of Th1/Th2 type cytokines and innate immune
responses in APCs and epithelial cells inﬂuence the pathogenesis of allergic diseases. For example, in a mouse model of ovalbumin (OVA)-induced allergic airway
inﬂammation, miR-21 was the most highly induced miRNA in transgenic mice
overexpressing IL-13 in the lungs. Because miR-21 directly targets IL-12p35, it was
suggested that miR-21 might contribute to Th2 polarization [53]. Consistent with
this, OVA-challenged miR-21-deﬁcient mice exhibited reduced lung eosinophilia
and increased levels of IFN-γ when compared to wild-type mice [54]. miRNA-21
also has been shown to inhibit innate immune responses in TLR2 agonist-induced
lung inﬂammation in mice [55] (Table 17.1).
In line with research in mouse models of airway inﬂammation, a correlation
between reduced levels of miR-21 in mononuclear leukocytes from human umbilical cord blood samples and elevated antenatal IgE production in allergic rhinitis
patients have been observed [56]. Additionally, the upregulation of miR-21 was
observed in esophageal biopsies from patients with eosinophilic esophagitis (EoE)
[57] (Table 17.2). EoE is characterized by very high IL-13 overproduction, very
strong Th2 type inﬂammation and eosinophilia in the esophagus and can therefore
regarded as a model for Th2-type diseases [58]. miR-21 is also upregulated in
lesional skin from subjects with allergic responses to diphenylcyclopropenone
(DPCP) in humans and in a dinitroﬂuorobenzene (DNFB)-induced contact dermatitis mouse model, conditions in which Th17 and Th1 responses are dominant [59].
Ubiquitously expressed miRNA let-7 has been shown to inﬂuence the expression
of IL-13 in lung epithelial cell-line A549. Indeed, intranasal administration of let-7
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Table 17.1 The functions of miRNAs in asthma
miRNA
miR-126

miR-221
miR-145
miR-106a
let-7a

miR-21

miR-146a

miR-375
miR-133a

miR-1

miR-155

miR-17~92
cluster
miR-708

Function
Inhibition reduced allergic inﬂammation in an HDMinduced mouse model of asthma [78] and eosinophilia in
a mouse model of chronic airway inﬂammation [79]
Upregulated in OVA-induced mouse models of asthma;
silencing reduced allergic inﬂammation [82]
Silencing reduced allergic inﬂammation in an HDMinduced mouse model of asthma [80]
Silencing reduced allergic inﬂammation in an HDMinduced mouse model of asthma [81]
Overexpression reduced allergic inﬂammation in an
OVA-induced mouse model of asthma [60]
Intravenous administration of LNA inhibitors impeded
AHR in a mouse model of asthma [61]
Overexpressed in lung-speciﬁc IL-13-expressing
transgenic mice with induced allergic airway
inﬂammation [53]
Overexpression reduced TLR2 agonist-induced lung
inﬂammation in mice [55]
Increased Th1 cytokines and reduced eosinophilia in an
OVA-induced mouse model of asthma in miR-21deﬁcient mice [54]
Overexpressed in splenic CD4+ T lymphocytes [76]
Reduced expression in CD8+ and CD4+ cells in patients
under oral corticosteroid treatment [119]
Reduced cytokine induced apoptosis in human bronchial
epithelial cells [94]
Increased in human asthmatic SMCs [93]
A positive regulator of TSLP in human primary lung
epithelial cells [65]
Downregulated in mouse bronchial smooth muscle cells;
augments airway contraction and hyperresponsiveness
[89]
Downregulated by VEGF in lung endothelium; intranasal
administration inhibited inﬂammatory responses to OVA,
HDM, and IL-13 overexpression Mpl [88]
Required for Th2-mediated eosinophilic inﬂammation in
an OVA-induced mouse model of asthma [77]
miR-155-deﬁcient mice spontaneously developed
asthma-like inﬂammation in the lung and showed
increased levels of IL-4 and IL-5 in T cells [44]
Increased in asthmatic SMCs upon stimulation [95]
Downregulated in pulmonary hypertension, SMCs;
speciﬁc depletion augments hypoxia-induced pulmonary
hypertension in mice [91]
Inhibits airway SMC contractility [92]

Targets
?

Spred-2
?
IL-10
IL-13

IL-12p35

IRAK1, TRAF6,
CARD10, indirectly
inhibits COX-2 and
IL-1β

?
RhoA

Mpl

PU.1
c-Maf

PDLIM5

CD38
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Table 17.2 The functions of miRNAs in allergic diseases other than asthma
miRNA
miR-21

Disease
Allergic
rhinitis, ACD,
EoE

miR146a

AD

miR-375

EoE

miR-155

AD

miR125b
miR-150

CRS with
nasal polyps
ACD

Function
Antenatal IgE production and development of
allergic rhinitis [56]
Upregulated in contact dermatitis lesional skin
[59]
Upregulated in EoE esophageal tissue [57]
Inhibits Th1-associated delayed-type
hypersensitivity cutaneous responses in
miR-21-deﬁcient mice [54]
Upregulated in the skin and keratinocytes of
AD patients; alleviates chronic inﬂammation in
a mouse model of AD [34]
Expression is modulated by IL-13 [58]
Downregulated in EoE esophageal tissue [57]
Inﬂuences development of AD by
downregulating CTLA-4 negative regulator of
T cell activation [102]
Upregulated in CRS with nasal polyps;
inﬂuences IFN-α/β production [103]
Nanovesicles containing miR-150 induce
antigen-speciﬁc tolerance in a mouse ACD
model [110]

Targets
IL-12p35

IRAK1,
CARD10, CCL5
?
CTLA-4

4E-BP1

family miRNAs led to reduced IL-13 and AHR as well as the resolution of allergic
inﬂammation in an OVA-induced mouse model of asthma [60]. However, in another
study, instead of exacerbating the disease, let-7 miRNA inhibition using intravenously administered locked nucleic acid (LNA) inhibitors hampered AHR in a
mouse model of asthma [61].
miR-155 can impact the Th1/Th2 balance and the development of allergic disease
through its function in macrophages, in which miR-155 targets IL-13RA, SOCS1,
and SHIP1. When miR-155 levels are reduced in differentiating macrophages,
STAT6 becomes more activated, leading to the establishment of an alternative M2
pro-Th2 phenotype [62]. A very interesting recent study using miR-155(−/−) or miR146a(−/−) T cells identiﬁed that T cell-intrinsic miR-155 is required for type-2
immunity and that T cell-intrinsic miR-146a is required to prevent overt Th1/Th17
skewing [63]. Thus, if there is no miR-155 in macrophages, they tend to stimulate
Th2 responses; however, if there is no miR-155 in T cells, there is less differentiation
toward Th2 type direction suggesting that tightly regulated miR-155 in each participating cell type is needed for proper functioning of the immune system.
miR-375 is yet another miRNA that contributes to the differentiation of Th2 cells.
miR-375 has been shown to be induced by IL-13 in gut mucosal epithelial cells and
it positively regulates the expression of key Th2 cytokines, TSLP, and resistin-like
beta (RELMβ) [64]. In line with these results, diesel exhaust particles, which are
known to aggravate asthma, induce TSLP mRNA and miR-375 in primary human
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bronchial epithelial cells [65]. In contrast to gut mucosal epithelial cells, miR-375 is
downregulated by IL-13 in human esophageal squamous and bronchial columnar
epithelial cells, suggesting that the regulation of miR-375 is complicated and cell
type speciﬁc [57].
In addition to the Th2 cells, recent studies propose an important role for Th22
cells in the chronic phase of the allergic tissue inﬂammation. Inﬂuence of miRNAs
on development of Th22 cells, as well as on production of IL-22 has not been studied. This will be interesting because IL-22 might be also produced by Th17 cells;
however, when IL-17 augments inﬂammation, IL-22 is known to play a tissueprotective role [66].

miRNAs and Regulatory T and B Cell Responses
T cells with immunoregulatory capacity can be classiﬁed into two groups: thymusderivednaturally occurring CD4+CD25+FOXP3+ Treg cells and inducible Treg
cells (iTreg) generated outside the thymus after antigenic stimulation. Importantly,
the balance between allergen-speciﬁc Treg cells and Th2 cells is decisive in the
development of allergy. Studies on the mechanisms of immune responses to allergens have demonstrated that iTreg cells are dominant in healthy individuals [67].
Therefore, miRNAs that inﬂuence the development and functions of iTregs most
likely play important roles in allergic diseases. For example, miR-10a has been
shown to limit the phenotypic conversion of iTreg cells into follicular helper T cells
and hinder the differentiation of the Th17 cell subset [68]. An interesting large-scale
overexpression screen with T cell-expressed miRNAs in naïve mouse CD4+ T cells
undergoing Treg differentiation identiﬁed 29 miRNAs with a negative effect and 10
miRNAs with a positive effect. miR-100, miR-99a, and miR-10b all speciﬁcally
promoted Treg differentiation and inhibited the Th17 program without impacting
viability, proliferation, and activation [69]. In addition to autoimmunity, Th17 cells
play a dominant role in neutrophilic asthma, which is also associated with asthma
exacerbations in response to rhinoviruses [70], indicating that these miRNAs potentially inﬂuence the development of neutrophilic asthma and asthma exacerbation.
iTreg cells not only suppress Th1 or Th2 cell responses but also have a direct
inﬂuence on B cells. Both natural Tregs and iTregs reduce the IgE-secreting plasma
cell frequency and simultaneously augment IgG4-secreting plasma cells. Recently,
it has also been shown that regulatory IL-10-producing B cells induce Treg cells and
alleviate symptoms in a murine model of allergic asthma [71, 72]. However, the
roles of miRNAs in immunoregulatory B cells are almost fully unexplored.
Interestingly, miR-21 was recently shown to stimulate B cells to produce IL-10 in a
study exploring the role of miR-21 in nasopharyngeal cancer. Thus, in addition to
its role in triggering Th2 type responses, miR-21 is required for the regulatory role
of B cells, which suggests that similarly to miR-155, well-controlled miR-21 levels
in every cell is needed for the proper functioning of the immune system.
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The development of regulatory and effector T cells strongly depends on innate
immune responses of APCs [73]. Several miRNAs may play important roles in the
modulation of DC capacity to induce regulatory T cells. For example, miR-23b
transfection into mouse or human in vitro differentiated DCs leads to increased
IL-10 and decreased IL-12 production, inactivation of the Notch1 and NF-κB signaling pathways, and increased capacity of DCs to promote FoxP3+ CD4+ T cell
proliferation [74]. Interestingly, miR-146a has been shown to be differentially
expressed by myeloid DC subsets and it desensitizes DCs to TLR2-dependent activation, which suggests that high constitutive miR-146a levels in the epidermis render Langerhans cells (LCs) in the epithelium less susceptible to inappropriate
activation by commensal bacterial through TLR2 [75]. Thus, both miR-146a and
miR-23b might essentially contribute to protection against the development of allergic responses through their actinon in APCs, the ﬁrst line of the cells activated by
allergens. As the modulation of microRNA expression in APCs can be considered
easier compared with T and B lymphocytes, further studies about the functions of
microRNAs in APCs has high potential also in light of few of the development of
therapeutic approaches for allergic diseases.

miRNAs in Asthma
The ﬁrst study to demonstrate the importance of miRNAs in airway diseases was
published in 2007 by Rodriguez et al., who characterized miR-155-deﬁcient mice
and noted that approximately 50 % of aging miR-155-deﬁcient mice spontaneously
develop asthma-like lung inﬂammation with increased Th2-type cytokines and
greater numbers of lymphocytes and macrophages but similar counts of eosinophils
compared to wild-type mice [44]. In ensuing studies, the expression of several miRNAs, including miR-155, was found to be dysregulated in the airways or lymphocytes of patients with asthma, as well as in different mouse models of airway
inﬂammation [76]. Interestingly, the same miR-155-deﬁcient mice were recently
demonstrated as developing an altered inﬂammatory response with diminished
eosinophilic inﬂammation, reduced eotaxin-2/CCL24 and periostin levels, and
reduced Th2 cell numbers in an experimental mouse model of allergic airway
inﬂammation [77]. Concordantly, miR-155 was shown to be required for Th2-type
responses [63]. Thus, it appears that in the case of miR-155 deﬁciency, a spontaneous development of airway inﬂammation occurs; however, in induced mouse models, miR-155 rather contributes to airway inﬂammation.
In addition to miR-155, several other miRNAs have been shown to modulate
asthma-like lung inﬂammation in different mouse models (Table 17.1). The expression of miR-126 was found to be increased in the airways of mice upon exposure to
house dust mite (HDM), and the inhibition of miR-126 using intranasal administration of miR-126 antagomir reduced allergic inﬂammation in the same mouse model
of asthma [78] and also decreased eosinophilia in a mouse model of chronic airway
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inﬂammation [79]. Similarly, the inhibition of miR-145 [80] and miR-106a [81] had
anti-inﬂammatory effects in HDM-induced allergic airways disease in mice. Similar
to miR-126, enhanced expression of miRNA-221 was detected in the lung biopsies
of mice subjected to an OVA-induced mouse model of asthma, and the inhibition of
miR-221 reduced inﬂammation in the airways [82]. Interestingly, miR-221 is also
known to regulate the cell cycle of mast cells and is upregulated by stimulation with
IgE-allergen complexes in these cells [83, 84].
Current therapies for asthma aim to control symptoms and mainly include fastacting beta2-adrenoceptor agonists and corticosteroids for long-term control, yet
these therapies are inefﬁcient in controlling severe forms of asthma and allergic
diseases [3]. Thus, one important question in research concerning asthma is how
miRNAs impact the development of corticosteroid-resistant and severe asthma. One
of the initial studies in a mouse model of corticosteroid-resistant asthma demonstrated a rapid change in miRNA levels in mouse lungs following LPS-induced
inﬂammation; however, no inﬂuence of glucocorticoids was detected [33]. Another
study showed that the expression of miR-146a is reduced in CD8+ and CD4+ T
cells from severe asthma patients under continuous oral corticosteroid treatment
[34]. In agreement with this observation, the expression of miR-146a was shown to
be suppressed by dexamethasone in splenic CD4+ T lymphocytes from mice subjected to an OVA-induced model of asthma [53].
Together, these studies show that miRNAs can either enhance or reduce airway
inﬂammation and suggest that a complex network of miRNAs impacts immune
responses in asthma. Because asthma is a complex syndrome with heterogeneous
endotypes or phenotypes [25, 85], miRNAs as ﬁne-tuners of gene expression also
may contribute to the development of different forms of the disease.

miRNAs in Bronchial Epithelium and Airway Smooth
Muscle Cells
Disease-related changes in lung alveolar epithelial cells, endothelial cells, ﬁbroblasts, and bronchial smooth muscle cells (SMCs) have strong impact on the pathogenesis of asthma, and miRNAs are clearly part of the regulatory network involved
in tissue responses to asthma. An initial study demonstrated that miRNAs have
different expression proﬁles in airway SMCs, bronchial epithelial cell-lines A549
and Beas2B, bronchial ﬁbroblasts, and alveolar macrophages [86]. In epithelial
cells from asthmatic patients, 66 miRNAs were detected as differentially expressed,
and pathway analysis indicated that the putative targets of these miRNAs encode
disease- or inﬂammation-related proteins such as TNF-α, IL-8, Cox2, IL-6, and
AQP4 [87].
Several recent studies describe the functions of miRNAs in lung endothelial
cells and SMCs. The lung-speciﬁc overexpression of vascular endothelial growth
factor (VEGF) was shown to decrease miR-1 expression in the lung endothelium,
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whereas intranasally delivered miR-1 inhibited inﬂammatory responses to HDM,
OVA, and IL-13. In the same study, VEGF blockade and the knockdown of a miR-1
target, myeloproliferative leukemia virus oncogene (MPL), inhibited Th2-mediated
lung inﬂammation, suggesting that VEGF controls lung Th2 inﬂammation via
miR-1 and MPL [88]. Suppression of miR-133a leads to increased expression of the
small GTPase RhoA, causing augmented contraction and hyperresponsiveness of
bronchial SMCs in a mouse model of allergic asthma [89]. miR-140-3p is another
microRNA that possibly has a strong impact on SMCs, as it is capable of activating
p38 MAPK and NF-κB in these cells [90]. Patients with pulmonary hypertension
were found to express decreased levels of the miR-17~92 cluster, transforming
growth factor beta (TGF-β), and SMC markers. Concordantly, SMC-speciﬁc
knockout of miR-17-92 attenuated hypoxia-induced pulmonary hypertension (PH)
in mice, suggesting a direct link between the downregulation of the miR-17-92
cluster and hypoxia-induced PH in these mice [91]. The cell-surface protein CD38,
which mediates airway SMC contractility, was recently shown to be both directly
and indirectly regulated by miR-708 through JNK MAPK and PI3K/AKT signaling
pathways [92].
The expression of anti-inﬂammatory miR-146a was also shown to be enhanced
in human asthmatic SMCs. Both miR-146a/b were found to negatively regulate proinﬂammatory cyclooxygenase-2 (COX-2) and IL-1β in human SMCs [93]. miR146a might also contribute to tissue remodeling in the lungs because it has been
shown to reduce cytokine-induced apoptosis in human bronchial epithelial cells
[94]. Consistent with the ﬁndings already described in this chapter, the expression
of pro-inﬂammatory miR-155 has been shown to be increased in asthmatic SMCs
upon stimulation, and its expression positively correlates with COX-2 expression in
human asthmatic SMCs [95]. Together, these studies demonstrate that the increased
activation of pro-inﬂammatory pathways, altered expression of tight junction proteins and other changes observed in epithelial cells, SMCs and endothelium of
patients with asthma may also be partially attributed to underlying aberrant miRNA
expression.

microRNAs in the Regulation of Virus-Induced Asthma
Exacerbation
One major cause of morbidity among asthma patients is virus-induced recurrent
exacerbations, among which HRVs are the most common triggering factors [7, 96].
As asthma exacerbations are not well controlled in the severe form of the disease,
studies on the molecular mechanisms of asthma exacerbation are of great importance [3]. The ﬁrst implications of miRNAs in the regulation of airway responses to
respiratory viruses have been published very recently. The replication of human
rhinovirus HRV-1B was increased after DICER knockdown in human bronchial
epithelial cells, and the transfection of speciﬁc anti-miRs for miR-128 and miR-155
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increased viral replication of HRV-1B [97]. microRNAs -18a, -27a, -128, and -155
were found to be downregulated in asthmatic bronchial epithelial cells; however,
manipulation of the levels of these individual microRNAs in bronchial epithelial
cells did not have an effect on any pathways potentially regulating responses to
HRVs, and only simultaneous knockdown of the network of microRNAs led to a
signiﬁcant increase in IL-8 and IL-6 expression [98].
In an early study, IL-1β-induced miR-146a was shown to reduce the levels of
pro-inﬂammatory chemokines IL-8 and CCL5 (also known as RANTES) in human
alveolar A549 epithelial cells [99], which is consistent with its strong inhibitory
effect on NF-κB in other cell types [31–34]. When infecting epithelial cells, HRVs
activate both NF-κB and interferon responses, whereas it has been proposed that
deﬁcient interferon induction and increased activation of NF-κB in asthmatic bronchial epithelial cells leads to aggravated inﬂammation and possibly to the exacerbation of asthma [100, 101]. These ﬁndings suggest an important function for
microRNAs targeting NF-κB and stimulating interferon responses in protecting
against exacerbation and long-lasting viral infections in patients with asthma.

miRNAs in Atopic Dermatitis, Allergic Contact Dermatitis,
and Chronic Rhinosinusitis
The functions of microRNAs inatopic dermatitis (AD), allergic contact dermatitis
(ACD), chronic rhinosinusitis (CRS), and allergic rhinitis (AR) have been described
only in a small number of studies. miR-155 was determined to be overexpressed in
skin from AD patientsmost likely due to inﬁltrating immune cells. The same study
suggested that miR-155 inﬂuences the development of AD through the downregulation of cytotoxic T lymphocyte-associated antigen (CTLA)-4, a negative regulator
of general T cell activation that also plays an important role in allergen tolerance
[67, 102]. microRNA proﬁling of human skin challenged with DPCP and skin from
a mouse model of contact dermatitis revealed that the same set of microRNAs, miR21, miR-142-3p, miR-142-5p, and miR-223, are upregulated both in human and in
mice [59]. Similar to asthmatic SMC cells, miR-146a expression was found to be
increased in keratinocytes and chronic lesional skin of AD patients.
Intriguingly, the effect of miR-146a in the suppression of NF-κB pathway keratinocytes appear to largely occur due to the suppression of CARD10. In line with
experiments in keratinocytes, miR-146a-deﬁcient mice developed stronger inﬂammation, characterized by increased expression of genes typical in the chronic skin
inﬂammation of AD [34]. Consistent with its binding site in IL-12p35 and inhibitory function in Th2-type airway inﬂammation, the third microRNA among “the
three guardians,” miR-21, has been shown to suppress Th1-associated delayed-type
hypersensitivity cutaneous responses in mice [54].
miR-125b has been shown to be upregulated in eosinophilic CRS with nasal polyps. miR-125b overexpression inﬂuenced IFN-α/β production, most likely through
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the suppression of eukaryotic translation initiation factor 4E (EIF4E)-binding protein 4E-BP1 in airway epithelial cells [103]. miR-135a, which is reduced in a mouse
model of allergic rhinitis, has been shown to correct the Th1/Th2 imbalance in the
same mouse model when applied intranasally [104]. miR-143 has been shown to
decrease the mRNA and protein expression levels of eotaxin and mucin 5AC
(MUC5AC) in IL-13-stimulated nasal epithelial cells through direct suppression of
IL-13 receptor α1 chain (IL13Rα1) [105].
An interesting aspect of micoRNAs is their relative stability in the extracellular
space when compared with mRNA. Moreover, it appears that miRNAs can be
actively secreted via cell-derived membrane vesicles and by protein–miRNA complexes and can also be picked up by neighboring cells [106–109]. Indeed, a recent
study demonstrated that CD8+ suppressive cells are capable of producing antigenspeciﬁc antibody-coated nanovesicles containing miR-150. These nanovesicles
entered into effector T cells and suppressed induced ACD and promoted antigenspeciﬁc tolerance in mice; the nanovesicles from miR-150-deﬁcient mice did not
have a suppressive effect [110]. Despite the limited number, these studies clearly
demonstrate that miRNAs are involved in the regulation of allergic inﬂammation in
the skin and sinonasal epithelial cells and strongly suggest that microRNAs represent additional means of communication between different types of cells participating in the regulation of allergic responses and the development of tolerance.

Extracellular miRNAs as Biomarkers in Allergic Diseases
Asthma is a complex disorder based on underlying cellular and molecular mechanisms and can be subcategorized into endotypes [24, 25, 85]. For better management of allergic diseases, especially severe forms of asthma, the development of
endotype-speciﬁc treatment modalities is important and depends on reliable biomarkers. The microRNA expression pattern varies in different cell types and disease
conditions. microRNAs are stable and can be detected in different body ﬂuids, such
as serum, urine, and saliva, and recent studies suggest that similarly to other diseases, extracellular miRNAs could be potentially used as biomarkers in airway and
allergic diseases as well. In serum from patients with chronic obstructive pulmonary
disease (COPD), four miRNAs (miR-20a, miR-28-3p, miR-34c-5p, and miR-100)
were signiﬁcantly downregulated and one (miR-7) upregulated [111].
Of ten differentially expressed miRNAs in esophageal tissue from EoE biopsies,
the differential expression of miR-146a/b and miR-223 was also detected in plasma
from EoE patients [57]. Bronchoalveolar lavage ﬂuid (BALF) exosomal miRNA
proﬁles have been found to be different in patients with mild asymptomatic asthma
and healthy subjects [112]. miRNAs have also been detected in exhaled breath condensate, and some differences have been reported between asthmatic patients and
control subjects [113]. miRNA expression proﬁles of serum and urine from 30 children with AD and 28 healthy children revealed signiﬁcant upregulation of miR-203
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and miR-483-5p in serum from children with AD. At the same time, miR-203 was
markedly decreased in urine from children with AD compared with healthy children, and the downregulated miR-203 in urine was signiﬁcantly associated with the
levels of serum IgE in the AD patients [114]. Clearly, future studies are needed to
determine whether extracellular miRNAs can be used as reliable biomarkers to distinguish certain endotypes of asthma and other allergic diseases.

Potential of miRNA-Based Therapeutics in Allergic Diseases
The current therapies for asthma and allergic diseases are still inefﬁcient in controlling severe forms of these diseases, and approximately 5–10 % of all people with
these disorders have inadequately controlled, severe persistent asthma or severe
atopic dermatitis [3]. These asthma and allergy patients use a large proportion of
public health resources, and new, more effective therapies are urgently required.
One direction in the development of novel therapeutics for allergic diseases is the
biological modiﬁcation of immune responses for better and more individualized
control [3, 115]. Indeed, there is obvious potential for miRNAs as novel target molecules for the development of biological treatment modalities. Because the functions of miRNAs are shaped by evolution, miRNA-based therapeutics would have
a low likelihood of inducing toxicity, suggesting that miRNA-based therapeutics
would have few side effects [116]. However, in the ﬁeld of miRNA research in
allergic diseases, only a limited number of people are investigating the functions of
microRNAs, which is most likely due to the complexity and speciﬁcity of this
research direction. Regardless, we propose that improved techniques for microRNA
overexpression and inhibition, combined with increased knowledge about the biological functions of microRNAs, will lead to the development of very speciﬁc gene
expression modulators that could be implemented as personalized therapeutics for
allergic diseases in the future.
Based on the current knowledge of the molecular mechanisms and functions of
microRNAs in allergic diseases and inﬂammation in general, we outline here a few
ideas, whereby the targeting or overexpression of different miRNAs could possibly
be utilized therapeutically in allergic tissue inﬂammation (Fig. 17.2). Allergic tissue
inﬂammation in the skin, sinus, or lungs is induced by the development of a strong
allergen-induced Th2-type immune response, which is strongly supported by the
production of TSLP by epithelial cells [117]. As miR-375 promotes the production
of TSLP [64], the inhibition of miR-375 may reduce the development of Th2-type
inﬂammation. Suppression of the positive regulators of Th2 cell development, miR155 [63] and miR-21 [54], in CD4+ T cells would similarly reduce the skewing of
immune responses toward the Th2 direction. During the chronic phase of tissue
inﬂammation, secondary infections and innate immune response activation in epithelial cells occurs [118], which could be suppressed with the overexpression of
miR-146a/b. In the case of asthma, overexpression of the miR-17-92 cluster (87)
may reduce pulmonary hypertension.
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Fig. 17.2 microRNA as potential therapeutic targets in allergic inﬂammation. (a) Allergic tissue
inﬂammation is induced by allergen-induced Th2-type immune response supported by the production of thymic stromal lymphopoietin (TSLP) by epithelial cells [117]. As miR-375 promotes the
production of TSLP [64], the inhibition of miR-375 could reduce Th2 type inﬂammation.
Suppression of the positive regulators of Th2 cell development, miR-155 [63], and miR-21, which
targets IL-12p35, a positive regulator of Th1 cells [54], would also reduce Th2 type responses.
Overexpression of miR-23b and miR-146a in DCs would render DCs less susceptible to the activation and might contribute to the development of Treg cells [74, 75]. (b) During the chronic phase
of tissue inﬂammation, secondary infections and activation of innate immune responses in epithelial cells occurs [118], which could be suppressed by the overexpression of miR-146a/b. In HRVinduced airway inﬂammation or asthma exacerbation, the overexpression of miR-146a would
possibly help to reduce the activation of the NF-κB pathway and accompanying inﬂammation,
whereas the simultaneous overexpression of miR-155 would increase the interferon response and
virus clearance

In HRV-induced long-term airway inﬂammation or asthma exacerbation, the
overexpression of miR-146a would help to reduce the activation of the NF-κB pathway and accompanying inﬂammation, whereas the simultaneous overexpression of
miR-155 would increase the interferon response and virus clearance. Overexpression
of miR-23b and miR-146a in DCs would render DCs less susceptible to the activation and might contribute to the development of regulatory T cells [74, 75]. In addition, inhibition of miR-126, miR-221, miR-145, and miR-106a (Table 17.1) could
possibly be used to reduce allergic inﬂammation in patients with asthma.
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In conclusion, the roles of miRNAs in relation to allergic diseases are just beginning to be explored. Further studies are needed to reveal the full impact of miRNAs
in the development of allergic diseases as well as to reveal their potential as therapeutic targets and non-invasive biomarkers in allergic conditions.
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microRNA in Human Reproduction
Iris Eisenberg, Noora Kotaja, Debra Goldman-Wohl, and Tal Imbar

Abstract microRNAs constitute a large family of approximately 21-nucleotidelong, noncoding RNAs. They emerged more than 20 years ago as key posttranscriptional regulators of gene expression. The regulatory role of these small RNA
molecules has recently begun to be explored in the human reproductive system.
microRNAs have been shown to play an important role in control of reproductive
functions, especially in the processes of oocyte maturation, folliculogenesis, corpus
luteum function, implantation, and early embryonic development. Knockout of
Dicer, the cytoplasmic enzyme that cleaves the pre-miRNA to its mature form,
results in postimplantation embryonic lethality in several animal models, attributing
to these small RNA vital functions in reproduction and development. Another
intriguing characteristic of microRNAs is their presence in body ﬂuids in a remarkably stable form that is protected from endogenous RNase activity.
In this chapter we will describe the current knowledge on microRNAs, speciﬁcally relating to human gonadal cells. We will focus on their role in the ovarian
physiologic process and ovulation dysfunction, regulation of spermatogenesis and
male fertility, and putative involvement in human normal and aberrant trophoblast
differentiation and invasion through the process of placentation.
Keywords Ovulation • Corpus luteum • Spermatogenesis • Biomarkers • Placenta

I. Eisenberg • D. Goldman-Wohl • T. Imbar (*)
Department of Obstetrics and Gynecology, The Magda and Richard Hoffman
Center for Human Placenta Research, Hadassah Mt. Scopus—Hebrew University
Medical Center, Jerusalem, Israel
e-mail: talim@hadassah.org.il
N. Kotaja
Department of Physiology, Institute of Biomedicine, University of Turku, Turku, Finland
© Springer International Publishing Switzerland 2015
G. Santulli (ed.), microRNA: Medical Evidence, Advances in Experimental
Medicine and Biology 888, DOI 10.1007/978-3-319-22671-2_18

353

354

I. Eisenberg et al.

Introduction
Ovulation of a mature and viable oocyte and the formation of a functional corpus
luteum (CL) are essential for establishment of pregnancy. These events are preceded
by a highly orchestrated series of growth and developmental events in the periovulatory follicle that ultimately signals the preovulatory surge of luteinizing hormone
(LH) resulting in the initiation of ovulation and CL formation. This is a dynamic
and highly regulated process that requires the coordinated actions of multiple tissues and organ systems (e.g., hypothalamus, pituitary, ovary, and reproductive tract)
to develop a fertilizable gamete, as well as provide a suitable environment for fertilization and subsequent fetal development. To attain this optimal environment, the
female reproductive system must be highly responsive to subtle changes in hormones and other external cues.
Posttranscriptional gene regulation by microRNAs (miRNAs) plays a key role
during tissue development and differentiation. miRNAs target gene expression stability through transcriptional repression or degradation and may play an important
role in control of reproductive endocrine functions especially the process of oocyte
maturation and folliculogenesis. Mammalian gonads which exhibit strictly regulated spatiotemporal gene expression patterns are also known to express unique sets
of miRNAs and genes involved in the miRNA biogenetic pathway. miRNAs are also
associated with functional regulation of gonadal somatic cells, granulosa cells/
cumulus cells, in steroid synthesis. Several functional studies have shown the role
of miRNAs in pathology, fertility, and development [1–4]. Functional studies
involving inhibition of miRNA biogenesis have shown the occurrence of developmental arrest and female infertility in various species [5]. Continuous advances in
our understanding of the role and function of miRNAs in ovarian cells will lead to a
better understanding of the control of follicular and luteal development in normal
and pathological conditions.
Male gametes are produced inside mammalian testes during spermatogenesis
that includes three phases: (1) mitotic proliferation of spermatogonia, (2) meiosis of
spermatocytes, and (3) haploid differentiation of spermatids. The progress of spermatogenesis is governed by phase-speciﬁc gene expression patterns for both protein
coding mRNAs and noncoding RNAs (ncRNAs). Also miRNAs are expressed in a
cell type-speciﬁc manner during spermatogenesis and participate in the control of
the speciﬁc steps of male germ cell differentiation. Genetically modiﬁed mouse
models to delete the miRNA processing enzymes have revealed the importance of
miRNA pathway for normal spermatogenesis and male fertility. Functional studies
have elucidated the roles of speciﬁc miRNAs in distinct cell types. Furthermore,
expression proﬁles of miRNAs have been explored in human testis, spermatozoa,
and seminal plasma, and it has been shown that spermatozoal or seminal plasma
miRNAs may serve as potential biomarkers for male infertility.
Although embryo implantation is essential for human survival, it remains an
enigmatic biological phenomenon. Following fertilization, the resulting blastocyst
must signal its presence to the mother, attach to the luminal epithelium of the
endometrium, and embed into the decidualising stroma. Subsequent placental
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development requires remodeling of maternal blood vessels by trophoblast cells
that invade deep into the decidua. Failure in these very early stages can compromise fetal development, resulting in diseases of pregnancy such as intrauterine
growth restriction or preeclampsia which can also impact on health in adulthood.
A different chapter in this book is dealing with the role of miRNAs during early
implantation. In this chapter we focus in the mature product of implantation, the
placenta. We describe several topics of investigation dealing with miRNA-mediated regulation of the placenta during pregnancy. This miRNA function remains
poorly investigated although several independent processes associated with placenta development have been shown to be miRNA-regulated. miRNA may reﬂect
disorders not yet detectable with other methods and contribute to understanding
the underlying pathological mechanisms.

microRNA in the Ovary
Dynamically regulated sequential recruitment, selection and growth of the follicles,
atresia, ovulation, and luteolysis in the ovary are under control of closely coordinated endocrine and paracrine factors which are controlled by tightly regulated
expression and interaction of a multitude of genes in the ovary. miRNAs constitute
the most abundant class of small RNAs in the ovary [6].
As one of the major classes of gene regulators these miRNA molecules are suggested to be involved in the regulation of genes in the ovary. The miRNA population
in the ovaries was identiﬁed in human and other species using microarrays, high
throughput qPCR, and next generation sequencing techniques [7–14]. These studies
revealed preferential expression of several miRNAs in the ovary of different species, suggesting that they may have an important role in ovarian functions.
Regardless of species, let-7 family, miR-21, miR-99a, miR-125b, miR-126, miR143, miR-145, and miR-199b were found to be the most commonly abundant miRNAs populations in the ovary [15]. Bioinformatics prediction, screening, and Gene
Ontology analysis of these predominantly expressed miRNAs target genes in the
mammalian ovary has identiﬁed several biological processes and pathways or
molecular networks including cell cycle regulation, cell death, cell to cell signaling,
cellular growth, development and proliferation, endocrine system disorder, and different pathways underlying the ovarian functions [13].

Role of Dicer in the Oocyte
Studies of the role of miRNAs in ovarian function have been highlighted primarily
through Dicer [16]. Dicer is an RNase III cytoplasmatic enzyme required for processing small regulatory RNA, including miRNAs, which originate from endogenous
single-stranded hairpin precursors to its mature form [17–20]. As the function of
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Dicer and its products (miRNAs and siRNAs) are studied in the female reproductive
tract, vital roles for such posttranscriptional gene regulation in female fertility are
revealed [21]. Oocytes and fertilized eggs contain 10–15-fold higher levels of Dicer
transcripts than any other cells and/or tissues (BioGPS; http://biogps.gnf.org/) [22]
and are one of few known mammalian cells and/or tissues in which Dicer expression
is regulated [23].
Expression of the Dicer transcript remains steady in the growing mouse oocyte
during folliculogenesis [24] and through the germinal vesicle and metaphase II
stages [25, 26]. After fertilization, the amount of Dicer mRNA decreases by approximately half and remains low in the two-cell embryo through the blastocyst stage
[25, 26]. Expression of total miRNA during this same period is highest in the mature
oocyte and one-cell zygote before decreasing by half in the two-cell embryo [27].
Similar to the degradation of maternal messenger RNA [28], there is a signiﬁcant
global loss of maternal miRNAs between the one- and two-cell stages of development; de novo synthesis of miRNAs commences at the two-cell stage. In the mice,
knockout (KO) of Dicer results in postimplantation embryonic lethality [5].
Using a site-speciﬁc recombinase technology, mice with a conditional knockdown (cKO) of Dicer revealed a reduction in ovarian weight and lower ovulation
rates [29]. Dicer1 cKO mouse was shown to be infertile due to multiple defects in
ovarian functions including abnormal estrous cycles, shorter estrus and longer metestrous, paratubal cyst, and abnormal response to gonadotropin with ultimate problem in ovulation [30]. Likewise, Dicer1 conditional knockout mouse in ovarian
granulose cells led to an increased primordial follicle pool endowment accelerated
early follicle recruitment, and more follicle degeneration in the cKO ovaries. The
same study has reported signiﬁcant differences in the expression of some follicle
development-related genes between cKO and WT mouse ovaries, such as Amh,
Inhba, Cyp17a1, Cyp19a1, Zps, Gdf9, and Bmp15, suggesting the important function of miRNAs in regulating ovarian gene expression [31].
Studies in rodent oocytes using ovarian speciﬁc Dicer knockouts have shown no
effect on early folliculogenesis and oocyte development. Examining the KO oocytes
revealed an impaired ability to extrude a polar body after mating. Immunostaining
indicated multiple spindles and chromatin condensation defects [26, 27, 32]. These
data suggest that meiotic defects arise from the ooplasm of the oocyte and not the
germinal vesicle. These, loss of Dicer expression, experiments indicate that Dicer
affects ovulation rates, probably by inﬂuencing the total number of periovulatory
follicles that achieve proper development and/or by affecting the ability of follicles
to ovulate (see chapter 8 of the volume “microRNA and Cancer” for a detailed discussion on miRNA and ovarian cancer).

Role of Dicer in Cumulus Cells
Dicer expression in other somatic tissues of the ovary (theca cells, corpus luteum
and interstitium) has not been examined directly. The levels of Dicer in granulosa
cells did not change when examined before and after the LH surge [33]. Functional
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deletion studies of Dicer, points to an important role for miRNA in ovarian function
and female fertility [29, 30, 34–36]. Otsuka and colleagues [34] created a general
hypomorphic mutation (Dicerhypo; ~75 % reduction in Dicer protein) using a genetrap method and observed that Dicerhypo females were infertile because of luteal
deﬁciency. Transplantation of wild-type ovaries into Dicerhypo females restored
fertility, indicating that loss of fertility was due to an ovarian defect. Serum progesterone levels in Dicerhypo mice remained low after mating, and histological analyses of ovaries revealed a lack of luteal tissue vascularization. This indicates that the
physiological process in the development and function of the ovarian corpus luteum
requires Dicer1 function and speciﬁcally the mechanism of miRNAs-mediated regulation. The loss of Dicer expression in ovarian granulosa cells reduced natural,
equine chorionic gonadotropin (eCG) and human chorionic gonadotropin (hCG)
stimulated ovulation rates when compared with wild type mice [29, 30]. Increased
numbers of atretic follicles and trapped oocytes in luteinizing follicles were also
observed.

miRNAs in the Ovarian Corpus Luteum
Several studies have identiﬁed miRNA population speciﬁcally associated with the
development of follicles and corpora lutea [33, 37, 38]. A study of miRNAs expression in mouse mural granulosa cells collected before and after an ovulatory dose of
hCG identiﬁed that miR-132 and miR-212, two tandemly expressed miRNAs that
target the same transcripts, are highly upregulated following LH/hCG induction
[33]. It is suggested that miR-132 and miR-212 play an important role as posttranscriptional regulators in granulosa cells, as computational analysis has identiﬁed 77
putative mRNA as potential targets of miR-212, and miR-132 in granulosa cells
[33]. C terminal binding protein 1 (CTBP1) is a known target of miR-132, and the
gene product acts as a co-repressor of nuclear receptor genes. Interestingly, knockdown of both miR-212/miR-132 resulted in decreased protein levels of CTBP1 but
with no change in mRNA levels [33].
A recent study described the mechanism underlying the up-regulation of FSHsubunit synthesis by a GnRH dependant increase in miR-132 and miR-212 in
gonadotropin producing cells [39]. It was shown that the miR-132/212-mediated
action of GnRH peptide involved a posttranscriptional decrease of Sirtuin 1 (SIRT1)
deacetylase. The lower level of SIRT1 deacetylase correlated with an increase in the
acetylated form of Forkhead BoxO1 (FOXO1), a transcriptional repressor of Fshb
gene. A different study investigating the role of miRNAs in human granulosa cells
(hGC) used 80 individual synthetic miRNA precursors that mimic endogenous miRNAs and transfected them into cultured primary ovarian granulosa cells [37]. This
transfection of cultured hGC with selected miRNA constructs (miR-108, miR-7,
miR-9, miR-105, miR-128, miR-132, miR-141, miR-142, miR-152, miR-188, and
miR-191) resulted in a signiﬁcant increase in the percentage of cells containing
PCNA, a cell proliferation marker. Similarly, miR-15a, miR-96, miR-92, miR-124,
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miR-18, miR-29a, miR-125a, miR-136, miR-147, miR-183, and miR-32 were found
to promote up to twofold accumulation of Bax, a pro-apoptotic marker, in hGC. A
different study used a genome scale screen approach in order to identify miRNAs
controlling human ovarian cell steroidogenesis [37]. The authors transfected 80 different gene constructs encoding human pre-miRNAs into primary granulosa cells
from women undergoing ovariectomy because of non-metastatic cancer of the uterine cervix. 36 out of 80 tested miRNA constructs resulted in inhibition of progesterone release and 10 miRNAs promoted progesterone release. 57 miRNAs were found
to inhibit testosterone release and 51 suppressed estradiol release.
A study in rodents revealed a bi-phase regulation of miRNAs by FSH [40]. After
12 h of FSH exposure, 17 miRNAs were up regulated and 14 miRNAs were down
regulated. A signiﬁcant decrease in the expression levels of miR-29a and miR-30d
during the ﬁrst 12 h post FSH exposure was observed. However, FSH induced a
two- and threefold increase in the expression of miR-29a and miR-30d at 48 h postFSH exposure, respectively. These two miRNAs could be involved in the ﬁne-tuning
of FSH mediated granulose cell function. In this same study FSH up regulated progesterone levels in the medium at 12 h [40], suggesting that miRNAs may play a
role mediating changes in gene expression and thus hormone production in granulosa cells following FSH exposure. In addition, it was demonstrated that granulosa
cells collected, immediately before and 4 h after the ovulatory surge of LH/hCG,
exhibit differential miRNA expression patterns [41], suggesting a role for miRNAs
in ovulation. In vitro over expression and inhibition experiments revealed that aromatase gene expression (CYP19A1) and therefore estradiol production, by porcine
granulosa cells is post transcriptionally downregulated by miR-378 [42]. These
results suggest that miRNA may play a key role in the ﬁne tuning of gene expression
cascade, to allow the processes of ovulation, differentiation of luteal cells and corpus luteum function to occur in the mammalian ovary. Most recently, in vitro studies
have shown evidence for posttranscriptional regulation of Progesterone receptor
(PGR) by miR-378-3p [43]. miRNA-378-3p decreased protein levels and mRNA
levels of PGR via direct targeting its 3′UTR but also led to lower expression levels
of ADAMTS1, CTSL1 and PPARG transcripts which are known to be regulated by
PGR and are important for follicular maturation and remodeling.

miRNAs in Hypothalamic-Pituitary-Ovarian Axis
Ovarian follicle development is regulated by the hypothalamic-pituitary-ovarian
axis, in which gonadotropin-releasing hormone (GnRH) controls the release of the
gonadotropic hormones follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Ovarian steroids exert both negative and positive regulatory effects on
GnRH hypothalamic secretion. Speciﬁc deletion of Dicer in gonadotropin producing cells results in altered gonadotropin homeostasis leading to reproductive dysfunction [44]. Those mutants lacking Dicer in their gonadotropin producing cells
were rescued with supplementation of exogenous hormones. This work conﬁrmed
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the assumption that the fertility defects which evolved from reduced Dicer activity
are secondary to suppressed gonadotropins production and action [44]. Thus, the
identiﬁcation of speciﬁc miRNAs which selectively target individual gonadotropin
subunits would provide novel in vivo therapeutic tool and provide a feasible approach
to manipulate pituitary gonadotropin secretion. A different study demonstrated that
miRNA-200b and miRNA-429, members of the miRNA 200 family, strongly affect
ovulation in female mice. Knockout mice lacking miRNA-200b and -429 displayed
a defective hypothalamic-pituitary-ovarian axis and failed to ovulate [45].
The involvement of the miRNA 200 family in humans has been related to tumorogenesis, particularly in the epithelial to mesenchymal transition [46]. This process
is an important component of corpus luteum formation, especially during the intense
angiogenesis occurring after the LH signal of ovulation is attained. Recently our lab
measured miRNA-200b and -429 expression in hGCs and in the serum in the different phases of the ovulation cycle. We found that these miRNAs are expressed in the
serum of women. Their expression changes during the phases of the normal ovarian
cycle. We also discovered a distinct difference in the expression pattern of the two
miRNAs in the serum of anovulatory women during early follicular phase. miRNA200b and -429 in anovulatory women were highly expressed and their levels dropped
after gonadotropin stimulation immediately post the induced LH surge to levels
comparable to those found in ovulatory women (In preparation for publication). Our
results correlate with the study in mice [45] which examined the expression of these
miRNAs in the mouse pituitary. In this experiment the formation of a miRNAdisrupted gene knockout to miRNA-200b and -429, caused the female mice to be
sterile and regain their fertility only after superovulation with exogenous gonadotropins. These ﬁndings elaborate the hypothesis that these miRNAs might act as
regulators of hormonal pituitary function and with dysfunctional central effect, such
as in PCOS, the ovarian follicles will not ovulate naturally.

miRNAs and Ovarian Dysfunction
Given their important roles in normal physiology, it is no surprise that miRNAs
have come under close scrutiny in a variety of diseases. miRNAs have been shown
to play contributory roles in cancer [47–51], heart disease [52, 53], infectious disease [54–57], and other medical conditions [58–60]. Polycystic ovary syndrome
(PCOS) is one of the most common endocrine-metabolic disorders in women of
reproductive age [61]. It has been proposed that PCOS results from abnormal regulation of steroidogenesis and speciﬁcally from androgen secretion by the ovary [62].
Expression of miRNAs in granulosa cells may have a direct regulatory effect on
the expression of speciﬁc genes involved in folliculogenesis and ovarian steroidogenesis. The involvement of miRNAs in the control of the release of the main ovarian steroids progesterone and estradiol is the key question. The differences in
microRNA expression may explain the aberrant follicular development and aid in
identifying pathways associated with this phenotype. Many biological mechanisms
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are regulated by microRNA, but only very few studies have investigated the role of
miRNAs in PCOS (Tables 18.1 and 18.2). Two studies were the ﬁrst to identify
miRNAs in micro-vesicles and in supernatant of human follicular ﬂuid from patients
with PCOS [63, 64]. Both investigators found differentially expressed miRNAs in
women with PCOS compared to a control group. The ﬁrst group investigated a sub
set of 7 miRNAs (miR-132, 320, 24, 520c-3p, 193b, 483-5p, and 222) in the follicular ﬂuid of women with PCOS. The 7 miRNAs were chosen secondary to their
association with steroidogenesis and two were found to have signiﬁcantly decreased
expression in the PCOS group (miR-132 and 320). miR-132, miR-320, miR520c-3p, and miR-222 regulate the concentration of estradiol and miR-24, miR193b, and miR-483-5p regulate progesterone concentrations (Table 18.2).
A recent study demonstrated that the Notch3 and MAPK3 are targeted by miR483-5p which is down regulated in granulosa cells from PCOS patients [65]
(Table 18.1). It had been shown that miRNA-320 is mainly expressed in GCs and
oocytes of mouse ovarian follicles in the time of follicular development.
Overexpression of miR-320 inhibited estradiol synthesis and proliferation of GCs
through targeting E2F1 and SF-1. E2F1/SF-1 mediated miR-320-induced
suppression of GC proliferation and of GC steroidogenesis. FSH down-regulated
the expression of miR-320 and regulated the function of miR-320 in mouse GCs.
miR-383 promoted the expression of miR-320 and enhanced miR-320-mediated
suppression of GC proliferation [66].
The mechanism by which those miRNAs regulate estradiol and progesterone
expression and corpus luteum secretion is still unknown. Bioinformatic analysis
showed that the most highly expressed miRNAs targeted genes are associated with
reproductive, endocrine, and metabolic processes. The second group also identiﬁed
5 miRNAs (hsa-miR-9, 18b, 32, 34c, and 135a) with signiﬁcant overexpression in
the PCOS group versus the control group [63] (Table 18.2). Three potential miRNAtarget genes had signiﬁcantly decreased expression in the women with PCOS: insulin receptor substrate 2 (IRS2), Synaptotagmin 1(SYT1) and interleukin 8 (IL8).
Mice lacking IRS2 demonstrate dysregulation of the estrous cycle, anovulation,
infertility, and insulin resistance, similar to women with PCOS [67]; IL8 is implicated in steroid synthesis in the late follicular and ovulatory follicle in both bovine
and humans [68]. All three have functions related to the PCOS phenotype including
roles in carbohydrate metabolism and beta cell function, cell–cell communication,
and steroid synthesis. The level of GLUT4, the major insulin-dependent glucose
transporter, in primary adipocytes from women with PCOS, was found to be correlated with the women insulin sensitivity. Using miRNA databases with target gene
prediction softwares, miR-93 was found to potentially target GLUT4. Over expression and inhibition of miR-93 in human adipose cells showed inverse expression of
GLUT4 mRNA and protein levels [69].
Recently we have performed a large-scale miRNA expression analysis of granulosa cells isolated from PCOS patients (Imbar and Eisenberg, unpublished data).
miRNAs 483-3p, 363-3p, 4284 and 212 were identiﬁed as signiﬁcantly dysregulated
in women with ovulation dysfunction. Bioinformatics analysis suggests an inhibitory role of miRNAs 483-3p; 363-3p; 4284 in several steps of the TGFβ signaling
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Table 18.1 Dysregulated miRNAs in cumulus granulosa cells from anovulatory women with
PCOSa

a

miRNA
miR-423-3p
miR-3651
miR-3653
miR-151b
miR-1273g-3p
miR-590-5p
miR-3648
miR-7845-5p
miR-27a-5p
miR-1275
miR-483-3p
miR-7-5p
miR-483-5p
miR-3529-3p
miR-7974
miR-3065-5p
miR-214-3p

Expression
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↓
↓
↓
↓

miR-200a-3p

↓

miR-203a

↓

miR-4732-5p
miR-423-5p

↓
↓

let-7a-3p
miR-3184-5p
miR-548n
miR-221-3p

↓
↓
↓
↓

miR-149-5p
miR-1298-5p
miR-193a-3p
miR-365a-3p
miR-219a-1-3p

↓
↓
↓
↓
↓

Previous validated targetsb
CDKN1A

TGFBR2
FUT11

SMAD4, BBC3,PARD3, NUDC
SNCA
SRF, MAPK3

RPL7L1
EZH2, PTEN, DAPK1, MAP2K3, MAPK8,
POU4F2, PLXNB1, SRGAP1, GALNT7
DLX5, BAP1, G3BP2, PCDH8, RAB30,
ZEB2, CTNNB1, ZEB1, SIP1, ZFPM2
UVRAG, ABL1, TP63, ABCE1, CDK6,
SOCS3, BCL2L2, BMI1, ZEB2,EYA4,
EDNRA
RABAC1, NMD3, YWHAZ, RGPD2,
TSPYL6, HIST2H2BE, USP6, PGAM4,
IGDCC4
ARMC8, SETD4, BTF3, MIPOL1, TRIM33

CDKN1B, BCL2L11, BMF, FOXO3, KIT,
CDKN1C, TMED7, DDIT4, BNIP3L,
TBK1
SP1, FOXM1
MCL1, E2F6, PTK2, PRAP1,
CCND1, BCL2, IL6

Reference [65]. Only miRNAs with expression change >3 are listed
Validated target records are based on the miRTarBase

b
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Table 18.2 Dysregulated miRNAs in follicular ﬂuid or serum from anovulatory women with PCOS
miRNA
miR-21
miR-27b
miR-103
miR-155
miR-222
miR-146a
miR-30c
let-7i-3pm
miR-5706
miR-4463
miR-3665
miR-638
miR-124-3p
miR-128
miR-29a-3p
let -7c
miR-132
miR-320
miR-32
miR-34c
miR-135a
miR-18b
miR-9

Tissue/Cells
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Serum
Follicular ﬂuid
Follicular ﬂuid
Follicular ﬂuid
Follicular ﬂuid
Follicular ﬂuid
Follicular ﬂuid
Follicular ﬂuid

Expression
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↑
↓
↓
↓
↓
↓
↓
↑
↑
↑
↑
↑

Platform
TaqMan
TaqMan
TaqMan
TaqMan
TLDA
TLDA
TLDA
LNA array
LNA array
LNA array
LNA array
LNA array
LNA array
LNA array
LNA array
LNA array
TLDA
TLDA
TLDA
TLDA
TLDA
TLDA
TLDA

Reference
[212]a
[212]
[212]
[212]
[94]b
[94]
[94]
[213]c
[213]
[213]
[213]
[213]
[213]
[213]
[213]
[213]
[64]
[64]
[63]
[63]
[63]
[63]
[63]

a

Obese PCOS patients
TLDA TaqMan low density expression array
c
LNA array miRCURY locked nucleic acid expression array
b

pathway through alteration in the Smad3 (SMAD family member 3) and Smad4
(SMAD family member 4) expression. Previous reports demonstrated that miRNA24 decreases TGFβ signaling by repressing the expression of Smad proteins [70].
TGFβ signaling is known to promote estradiol release [71]. Therefore, miRNA-24
regulation of estradiol concentration could be explained by a mechanism in which
overexpression of miRNA-24 will decrease TGFβ signaling, which in turn will
inhibit estradiol secretion.
An abundance of scientiﬁc research has demonstrated that the TGF-β family of
growth factors has wide-ranging roles in female reproduction. Although various
family members are expressed by the major ovarian cell types, many of their functional effects center at the control of granulosa cell growth and differentiation, both
of which affect folliculogenesis and oocyte development. Disruption in the TGF-β
family in mouse models had disrupted the ovarian function and resulted in a phenotype that mimics premature ovarian failure (POF) [72].
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POF is deﬁned as the lost ovarian functions before 40 years of age [73]. POF
results in amenorrhea, hypoestrogenism and elevated gonadotropins, and is a deﬁnite cause of infertility [74]. There is some data relating to altered miRNA expression in POF patients usually through miRNA microarray analysis [75]. Proﬁling of
differentially expressed miRNAs in POF provided a novel insight into the molecular
events involving the role of miRNAs in POF development. Ten miRNAs showed
increased expression in POF: miR-202, miR-146a, miR-125b-2*, miR-139-3p,
miR-654-5p, miR-27a, miR-765, miR-23a, miR-342-3p, miR-126 and two showed
decreased expression (let-7c and miR-144). None of the miRNAs associated with
POF were also displayed differential expression in the studies of miRNAs expression in PCOS patients.
To understand the molecular mechanism responsible for POF development several studies analyzed individual miRNA and candidate targets using animal models
[75, 76]. A total of 63 miRNAs were up-regulated and 20 miRNAs were downregulated in the rat POF model. miRNA-29a and miRNA-144 may target expression of PLA2G4A (phospholipase A2 gene) that is involved in prostaglandin
biosynthesis and is signiﬁcantly up-regulated the ovaries from POF mice.
Previously, it was shown that miR-133b is involved in FSH induced estrogen secretion [40]. The forkhead box L2 gene (Foxl2) transcribes to a nuclear transcription
factor which is a key modulator of steroidogenesis and was showed to be involved
in POF [77]. This transcription factor expression is inhibited by miR-133b [78].
miR-133b inhibits Foxl2 expression in human and mouse granulosa cells by binding to the Foxl2 mRNA. The inhibition of Foxl2 transcription impairs the negative
Foxl2 mediated transcriptional regulation of StAR (steroidogenic acute regulatory
protein) and CYP19A1 genes, thus stimulating estrogen production.
This study reveals the crosstalk between miR-133b, Foxl2 and estrogen synthesis, and improves our understanding of the signiﬁcant roles played by miRNAs in
follicular growth and ovarian function. Different study found miR-23a, also signiﬁcantly upregulated in the plasma of POF patients, to be essential for apoptosis
induction in hGC by targeting XIAP (X-linked inhibitor of apoptosis) and the caspase signaling cascade [75]. These results provide clear evidence, for the ﬁrst time,
that miR-23a promotes apoptosis of granulosa cells via decreasing XIAP expression, which may contribute to the etiology of POF.
Newborn ovary homeobox gene (NOBOX) transcribes to another distinct transcription factor. This gene is expressed in oocytes throughout folliculogenesis [79].
The importance of this gene is evident as NOBOX knockout mice are infertile, and
mutations in the NOBOX gene have been associated with POF phenotype, suggesting the essential role of NOBOX in folliculogenesis [80]. Recently, a predicted
miRNA recognition element (MRE) for miR-196a which is critical for the speciﬁc
binding of miR-196a to the NOBOX mRNA has been found [81].
All of these identiﬁed miRNAs targets involved in ovarian dysfunction carry the
potential to provide new mechanistic and therapeutic targets for clinical trials in
female infertility disorders such as anovulation and POF.

364

I. Eisenberg et al.

miRNA Signatures as Biomarkers of Reproductive Disorders
Recent identiﬁcation of miRNAs molecules as stable in body ﬂuids [82–84] paved
the way for their use as novel biomarkers amenable to clinical diagnosis in translational medicine. miRNAs represent a new class of biomarkers that can complement
existing conventional markers, including metabolites, antigens and mRNA
transcripts. The unique feature of miRNAs, to remain largely intact in clinical samples, highlights their potential in molecular phenotyping of reproductive disorders
as well as to assess and monitor the physiological state of the ovulation process.
miRNAs in serum/plasma hold great promise as minimally invasive diagnostic biomarkers offering more sensitive and speciﬁc tests than those currently available.
miRNAs detected in bioﬂuids may have a cellular or an extracellular origin.
Circulating or extracellular miRNAs have been shown to be stable and protected
from RNase degradation by inclusion in various protein complexes or membranous
particles such as exosomes and microvesicles [82–84]. It has also been shown that
miRNA containing subcellular vesicles can be taken up by cells and cause changes
in cellular gene expression during pathological conditions [85]. These ﬁndings suggest that extracellular miRNA may have biological functions akin to that of signaling molecules and hormones.
Since the discovery of extracellular miRNA and their stability in different bioﬂuids, including serum and follicular ﬂuid [64, 86], it is becoming evident that these
small regulating RNAs can be used as informative biomarkers for the ovulation
process. Attention should be focused in the clinical use of plasma/serum miRNAs.
It has been only a few years since the ﬁrst studies of miRNAs as blood-based
biomarkers for cancer were published [87, 88]. Since then, plasma/serum miRNA
expression proﬁling had been found to vary signiﬁcantly with changed physiological or pathological condition, such as pregnancy, heart failure and sepsis [89–91]. In
the ovary, recent study is showing the use of plasma/serum miRNAs as a noninvasive marker of ovarian cancer [92].
miRNAs were identiﬁed as circulating miRNAs in the follicular ﬂuid and in the
serum of women with anovulation. The expression of miRNAs in serum of patients
with PCOS had been evaluated using miRNA arrays [93, 94]. Five circulating miRNAs were found as signiﬁcantly expressed in PCOS patients (let 7i-3pm; miR-5706;
Mir-4463; miR 3665; Mir-638) and four (miR-124-3p; miR-128; miR-29a-3p; let-7c)
had decreased expression (Table 18.2). The array study showed a different set of miRNAs: miR-222, miR-146a and miR-30c to be signiﬁcantly increased in the PCOS
patients. Sensitivity and speciﬁcity analysis, using receiver operating characteristic
(ROC) curves and area under the curve (AUC), revealed that a combination of the three
miRNAs was able to distinguish between the PCOS and controls [94]. Interestingly,
elevated circulating miR-222 levels were also associated with type 2 diabetes [95].
Decreased miR-146 has been linked to inﬂammation and insulin resistance in
Type II Diabetes patients [96]. This microRNA was negatively correlated with
serum testosterone levels in PCOS women [94]. The authors conclude that
although serum miRNAs are a promising biomarkers for ovarian function, most of
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the miRNAs present and differentially expressed in ovarian tissue from PCOS
women are not released into the blood, therefore, were not detected in the serum.
Ovarian speciﬁc miRNAs detected in the serum are expected to increase the
yield of early diagnosis and have a great potential in individualized treatment. This
new approach has the potential to revolutionize present clinical management,
including determining ovarian reserve, ovarian endocrine function and evaluate the
efﬁcacy of ovulation inducing drugs.

microRNAs and Spermatogenesis
Spermatogenesis
Male germ cell differentiation, spermatogenesis, takes place in the epithelium of
highly convoluted seminiferous tubules inside the testis [97]. Spermatogenesis is a
complex differentiation program that includes three phases: (1) mitotic proliferation,
(2) meiosis and (3) haploid differentiation (spermiogenesis). Spermatogonial stem
cells (SSCs) located at the basal compartment of the seminiferous epithelium are
able to self-renew and therefore, provide a constant pool of undifferentiated germ
cells for the production of spermatozoa throughout the whole sexual maturity [98].
Spermatogenesis is initiated when SSCs enter the differentiation pathway.
Differentiating spermatogonia proliferate mitotically to give rise to different types of
spermatogonia (A-single, A-paired, A-aligned, A1, A2, A3, A4, B and Intermediate
spermatogonia), and expand the colony of differentiating germ cells. After the proliferation phase, type B spermatogonia divide to form preleptotene spermatocytes
and the long-lasting meiotic prophase I begins. During the meiotic prophase I that
includes preleptotene, leptotene, zygotene, pachytene and diplotene phases, the
homologous chromosomes pair to from the synaptonemal complex, chromosomes
undergo crossing-over and homologous recombination to shufﬂe genetic material
and ﬁnally, spermatocytes undergo a reduction division to split the sister chromosomes into two cells. Generated secondary spermatocytes divide again very quickly,
and the resulting haploid round spermatids commence the dramatic cellular morphogenesis to construct sperm-speciﬁc structures, such as a ﬂagellum and an acrosome,
and to reshape the nucleus and compact the chromatin with the help of sperm-speciﬁc protamines that replace most of the histones. Spermatozoa that are released into
the tubular lumen in a process called spermiation and continue their journey to the
epididymis for ﬁnal maturation and storage.
The seminiferous epithelium is organized into cyclic stages so that each cross
section of the tubule contains a deﬁned grouping of germ cell types at particular
phases of development [99]. This organization enables the coordinated regulation of
germ cells at different phases of differentiation by the surrounding Sertoli cells that
embed germ cells in the cytoplasmic pockets and provide them with physical and
nutritional support [100]. Spermatogenesis is dependent on the synchronized action

366

I. Eisenberg et al.

of the hypothalamic-pituitary-gonadal (HPG) hormonal axis. GnRH from the hypothalamus regulates the release of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior pituitary gland [101] that target somatic
testicular cell types to stimulate testosterone production by interstitial Leydig cells
or to regulate Sertoli cells.
The progress of spermatogenesis is accompanied by orchestrated transcriptional
waves that generate speciﬁc transcriptome proﬁles for SSCs, differentiating mitotic
spermatogonia, meiotic spermatocytes and haploid spermatids [102, 103]. In addition to protein-coding mRNAs, ncRNAs are expressed during spermatogenesis in a
phase-speciﬁc manner [103–106]. In elongating spermatids, transcription ceases
because of the histone-protamine transition and tight chromatin compaction.
Therefore, mRNAs for many spermiogenic proteins are synthesized already in earlier stages and are temporarily stored until needed during later steps [107, 108].
Male germ cells are transcriptionally highly active and the testis has been shown
to have the most complex transcriptome of all tissues, which originates mainly from
spermatocytes and round spermatids. These cells express not only a diverse set of
protein-coding mRNAs and isoforms but also an exceptional amount of different
ncRNAs that are largely derived from uncharacterized intergenic regions [109].
Therefore, it is clear that the accurate and efﬁcient posttranscriptional gene control
is of fundamental importance for normal progression of spermatogenesis. There is a
wide range of different RNA-binding proteins, including testis-speciﬁc ones, that
are expressed in meiotic and post-meiotic cells to participate in mRNA regulation by
recognizing target mRNAs and forming ribonucleoprotein (RNP) complexes [110,
111]. Germ cell-speciﬁc RNP granules, commonly called germ granules, accumulate RNA and RNA regulatory proteins and coordinate RNA regulation in the male
germ line [112–114]. Among other posttranscriptional mechanism, miRNAs have
turned out to be important regulators of gene expression in male germ cells.

Expressions of miRNAs During Spermatogenesis
Presently, 20 years after their discovery [115], miRNAs are recognized as vital regulatory factors that control the expression of a broad range of protein-coding genes
[116, 117].
Several miRNAs are highly, exclusively or preferentially expressed in the testis
and in speciﬁc testicular cell types as revealed by miRNA microarrays, RT-PCR or
small RNA sequencing studies [118, 119]. Differentially expressed miRNAs in
embryonic germ cells or SSCs have been assessed by comparing the miRNA proﬁles of immature and mature mouse and primate testes [120, 121], enriched populations of gonocytes and spermatogonia in the mouse [122], the Thy1(+) SSC-enriched
testis cell population and the Thy1(−) cell population, composed primarily of testis
somatic cells [123], and GFRa-positive spermatogonia and GFRa-negative nonstem cell spermatogonia [124]. Differential miRNA expression during post-natal
spermatogenesis has been identiﬁed from mouse testis samples collected during the
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ﬁrst wave of spermatogenesis [125, 126] and from enriched populations of stem
cells, pre-meiotic, meiotic and post-meiotic cells [127–129]. It is important to correlate the miRNA expression changes during spermatogenesis to the global expression changes of protein-coding mRNAs to build a better understanding of the role
of miRNA mediated gene regulation in the testis. This kind of approach has already
been initiated by a study that integrated the miRNA and mRNA proﬁles during the
ﬁrst wave of spermatogenesis into miRNA-dependent regulatory networks [130].
In addition to the germ cells, the miRNA proﬁles of the somatic compartment of
the testis, particularly immature Sertoli cells have been assessed [131–133].
Interestingly, the expression of several miRNAs in Sertoli cells was demonstrated to
be regulated by androgens [134, 135]. Many of these miRNAs are preferentially
expressed in the testis and regulate genes that are highly expressed in Sertoli cells.
Therefore, androgens appear to control spermatogenic events through miRNAdependent mechanisms.
While some miRNAs are ubiquitously expressed in different cell types, a high
number of miRNAs follow phase-speciﬁc expression patterns, being predominantly
or speciﬁcally expressed in different somatic cell types or in germ cells at distinct
phases of differentiation.
The densities of miRNA genes are higher on the mammalian X chromosome
than on autosomes; this is a consequence of the organization of X-chromosomal
miRNA genes in clusters that consist of paralogous copies resulting from miRNA
gene duplication [136]. Comparison of miRNA levels in spermatocytes and spermatids to those in somatic cells revealed that the multimember family of miRNAs on
the X chromosome have higher expression levels than all other miRNA categories
in male germ cells [136]. Sex chromosomal genes undergo epigenetic silencing in
spermatocytes during meiotic prophase I by meiotic sex chromosome inactivation
(MSCI). However, it appears that miRNAs, particularly the miRNA families that
expanded by gene duplication, escape silencing by MSCI [137]. This suggests that
the miRNA gene duplications on the X chromosome were selectively favored during evolution to allow their expression in spermatocytes and spermatids despite sex
chromosome inactivation.
Male germ cells express also endogenous small interfering RNAs (endo-siRNAs)
that are processed from long dsRNA precursors by Dicer in a microprocessor complex (Drosha-DGCR8)-independent manner [138]. Interestingly, the majority of
identiﬁed endo-siRNAs mapped to several (even hundreds of) different sites on
multiple chromosomes, in contrast to miRNAs that are usually derived from a
unique locus or very few loci. Target prediction suggested that the testicular endosiRNAs mainly target mRNAs (~92 %) but also transcripts of pseudogenes (~3 %),
retrotransposons (~1 %), and ncRNAs (~4 %). The function of testicular endosiRNAs remains obscure. They can effectively induce target mRNA degradation in
vitro, suggesting possible involvement in posttranscriptional regulation.
Alternatively, endo-siRNAs could also have nuclear effects on chromatin
modiﬁcations similar to what has been shown for endo-siRNAs in other organisms,
as supported by their origin from multiple chromosomal loci [138].
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Regulation of Spermatogonial Stem Cell Self-Renewal
and Differentiation
The development of the testis begins when the Y-chromosomal testis-determining
gene Sry is transiently expressed in the supporting cell precursors of the genital ridge
from 10.5 to 12.5 days post coitum (dpc) in mice and triggers the chain of events
leading to the differentiation of testis-speciﬁc cell types [139]. Recent studies have
revealed the expression of miRNAs during the embryonic development of the testis
and have demonstrated that miRNA-mediated gene control is involved in the regulation of this developmental process [140, 141]. The testis cords are formed by Sertoli
cells that assemble around clusters of primordial germ cells (PGCs) that become
gonocytes and peritubular cells that surround the cords [142]. Gonocytes show a
burst of mitotic activity and then arrest in the G0 phase of the cell cycle, remaining
mitotically quiescent until after birth, when they become spermatogonia [143].
SSCs in the basal compartment of the seminiferous epithelium undergo selfrenewal divisions to maintain the stem cell pool. Speciﬁc signals trigger the differentiation program to produce spermatozoa from spermatogonia. The stem cell status
of SSCs is strictly regulated; however, little is known about the mechanisms of the
acquirement and maintenance of the self-renewal activity [98]. miRNAs contribute
to the regulation of SSCs. High-throughput sequencing identiﬁed that miR-21,
along with miR-34c, -182, -183, and -146a, are preferentially expressed in SSCenriched population. The downregulation of miR-21 in SSC-enriched germ cell cultures increased apoptosis and reduced the SSC potency, suggesting that miR-21 has
a role in maintaining the SSC population [123]. miRNA-20 and miRNA-106a are
also preferentially expressed in mouse SSCs, and they were shown to regulate the
renewal of SSCs by targeting STAT3 and Ccnd1 [124].
Several studies have addressed the function of miRNAs in the regulation of the
SSC’s decision to initiate differentiation. For example, miR-146 is highly expressed
in undifferentiated spermatogonia, and its expression is downregulated nearly
180-fold in differentiating spermatogonia [144]. miR-146 levels were dropped
upon induction of differentiation by retinoic acid, and it was suggested that miR146 is involved in the control of retinoid acid-induced spermatogonial differentiation in the mouse. Other miRNAs that are highly expressed in undifferentiated
cells and downregulated upon retinoic acid treatment are the X chromosome-clustered miR-221 and miR-222 [145]. The impaired function of miR-221/miR-222 in
mice induced differentiation and loss of stem cell capacity. The deletion of the
Mir-17-92 cluster that is also preferentially expressed in undifferentiated spermatogonia results in small testes and a lowered epididymal sperm counts in mice
[146]. Interestingly, the inactivation of Mir-17-92 cluster increased the transcript
levels of another cluster, miR-106b-25, suggesting a functional co-operation of
these two clusters.
Some miRNAs, such as let-7 family miRNAs, have an opposite expression pattern, being induced upon retinoic acid stimulated differentiation. The induction of
let-7 family miRNAs was shown to be accompanied by downregulation of let-7
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family targets Mycn, Ccnd1 and Colla2 [147]. The increase in let-7 family member
expression in differentiating spermatogonia was suggested to be mediated by the
simultaneous decrease in the levels of an RNA-binding protein, LIN28, which has a
well-characterized role in inhibiting let-7 miRNA biogenesis [148]. Expression of
LIN28 in undifferentiated spermatogonia has been conﬁrmed by several studies
[149–151], and LIN28 was shown to regulate the cyclic expansion of spermatogonial progenitor population using a knockout mouse model [152].

Regulation of Meiotic and Post-meiotic Events
Pachytene spermatocytes and round spermatids are transcriptionally active and they
have exceptionally diverse transcriptomes [109]. It is therefore clear that these cells
need to maintain effective posttranscriptional control. Late meiotic and haploid
germ cells have also been suggested to be the main source of miRNA production
during spermatogenesis [125]. The important role of miRNA-mediated regulation
during meiotic and post-meiotic development is supported by the phenotypes of the
male germ cell-speciﬁc Dicer1 knockout mice that show the most dramatic spermatogenic defects during these speciﬁc phases.
miR-34c that has been shown to be involved in the regulation of stem cell status
[123, 153, 154], is also an important regulator of the later steps of spermatogenesis.
Several studies have revealed that miR-34c expression is highly upregulated in spermatocytes and round spermatids [155–157]. Downregulation of miR-34c expression in primary spermatocytes seems to prevent germ cells from testosterone
deprivation-induced apoptosis; in line with this, overexpression of miR-34c in cultured germ cells triggers apoptosis, a process that is at least partially mediated by
targeting ATF1 via direct binding to the ATF1 3′UTR. Ectopically expressed miR34c in HeLa cells induced a shift in the transcriptome toward the germ lineage
transcriptome [155]. Therefore, miR-34c was suggested to play a role in enhancing
the germinal phenotype of cells already committed to this lineage. miR-449 cluster
miRNAs function also in the regulation of meiotic and post-meiotic gene expression; they are drastically up-regulated at meiotic initiation and their expression is
under the regulation of the transcription factors CREMtau and SOX5 [158].
Despite a high expression level in male germ cells, miR-449-null male mice exhibit
normal spermatogenesis. Interestingly, miR-34b/c levels were upregulated in miR449 knockout testis, and miR-449 cluster and miR-34b/c were shown to share some
target genes that belong to the E2F transcription factor-retinoblastoma regulatory network, indicating functional redundancy [158]. The deletion of both miR-34b/c and
miR-499a/b/c clusters in the mouse genome resulted in oligoasthenoteratozoospermia
(OTA) and infertility, which further supports their functional redundancy, and also
signiﬁes their importance for normal spermatogenesis [159–161].
During the late steps of spermatid differentiation, the chromatin is compacted by
the replacement of histones with protamines, and the process is dependent on the
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correct timing of the expression of transition proteins (TP) and protamines (Prm)
[162]. miRNAs are also participating in this accurately timed expression of TPs and
Prms. miR-469 can target TP2 and Prm2 mRNAs and repress TP2 and Prm2 protein
expression in pachytene spermatocytes and round spermatids at the translational
level with a minor effect on mRNA degradation [163]. Another miRNA that controls TP2 expression is miR-122a that is enriched in late-stage male germ cells;
miR-122a can induce TP2 mRNA cleavage [164]. The Oncomir-1 (miR-17-92)
cluster miRNA miR-18 can directly target heat shock factor 2 (HSF2) during spermatogenesis [165]. HSF2 is a transcription factor that inﬂuences a wide range of
developmental processes, including spermatogenesis [166]. The expression of
HSF2 and miR-18 exhibits an inverse correlation during spermatogenesis, and
downregulation of miR-18 expression in seminiferous tubules leads to increased
HSF2 protein levels and altered expression of HSF2 target genes [165].

miRNA-Processing Enzymes in Spermatogenesis
miRNA and siRNA processing is dependent on two endonucleases, the microprocessor complex (Drosha/DGCR8) and Dicer, which are both essential genes for
mouse development [5, 167]. The tissue and cell type-speciﬁc knockout mouse
models have been helpful in understanding the role of these pathways in certain tissues and in the adult organism. The same approach has been used to study the
importance of miRNA/siRNA pathways in spermatogenesis. Based on these studies, Dicer is required for male fertility, and the functions of both testicular somatic
cells and germ cells are dependent on Dicer.
The deletion of Dicer1 in the somatic cells of fetal testes with Sf1 promoterdriven Cre showed no abnormality during fetal life, although Dicer1 deletion was
induced already in the adrenogonadal primordium [168]. However, the testis was
degenerated shortly after birth; at PND5, most of the testis cords were degenerated
and the number of proliferating Sertoli cells and HSD3b-postitive Leydig cells in
the interstitium were decreased. The ablation of Dicer in Sertoli cells led to disrupted spermatogenesis and progressive testicular degeneration [131, 169]. The
defects appeared already in the prepubertal testis due to defective Sertoli cell maturation and function, with major alterations in both the transcriptome and proteome
in the neonatal testis of Sertoli cell-speciﬁc Dicer1 knockout mice [131].
The consequences of Dicer1 deletion in embryonic or differentiating male germ
cells have been studied using conditional knockout mouse models with distinct cell
type-speciﬁc promoters to induce Cre expression. Removal of Dicer1 in (PGCs)
after embryonic day 10 (E10) using tissue-nonspeciﬁc alkaline phosphatase (Tnap)
promoter-driven Cre expression caused defects in PGC proliferation as well as postnatal spermatogenesis and fertility [170, 171]. The low penetrance of the TnapCre
transgene hindered the exact analysis of the defects using this mouse model as a
tool. Dicer1 ablation in the male germ line just before birth using Ddx4 promoterdriven Cre expression resulted in accumulating defects in meiotic and post-meiotic
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germ cells and male infertility [156, 172]. The progression of meiotic prophase I
was delayed, and the number of apoptotic spermatocytes was increased, leading to
a decreased number of haploid post-meiotic round spermatids. Furthermore, the
differentiation of the remaining round spermatids failed and only very few morphologically abnormal non-functional spermatozoa were produced [156].
The deletion of Dicer1 in post-natal spermatogonia by Neurogenin3 (Ngn3)-Cre
and Stra8Cre transgenes resulted in male infertility but the spermatogenic phenotype was somewhat less severe than the Ddx4Cre-driven phenotype [173–175].
Selective removal of Dicer1 in type A spermatogonia by Ngn3Cre did not cause
obvious problems in meiosis, and the ﬁrst clear defects were manifested in haploid
male germ cells. The elongation phase of spermiogenesis was severely compromised with problems in chromatin organization and sperm head shaping and compaction. Similar to the Ddx4Cre-Dicer1 knockout model, the morphology of
epididymal spermatozoa was abnormal with small misshapen heads and defective
tail structures, and the number of produced spermatozoa was greatly reduced [173].
The Stra8Cre transgene inducing Dicer1 deletion in differentiating spermatogonia
resulted in the comparable phenotype to Ngn3Cre-driven Dicer1 deletion with
affected haploid differentiation [174, 175]; meiotic progression was also somewhat
delayed in Stra8Cre-Dicer1 knockout spermatocytes. Even later deletion of Dicer1
in haploid cells using the Protamine 1 (Prm1)-Cre transgene caused less problems
in spermatogenesis, suggesting that the spermatogenic phenotype of the Ngn3Cre
and Sra8Cre models originate already in the earlier pre-meiotic/meiotic cell types
[176]. The Prm1Cre-Dicer1 knockout testis had elongating spermatids with abnormal head morphology and compromised chromatin integrity. This study revealed
that Dicer1 inactivation in round spermatids impaired translational activation of
germ cell transcripts, including Prm1, possibly resulting from the transcript sequestration into translationally inert RNP complexes [176].
Altogether the male germ cell-speciﬁc Dicer1 knockout models suggest that
Dicer activities are required throughout male germ cell differentiation, and earlier
deletion results in the accumulation of defects and more compromised spermatogenesis. In addition, Dicer activity during the time of birth seems to be important for
normal meiotic progression because this phase is dramatically impaired in the
Ddx4Cre model compared with the less affected meiotic progression in Ngn3Cre or
Sra8Cre models.
The importance of miRNA-dependent pathways in spermatogenesis has also
been dissected by using knockout mouse models with defective microprocessor
components (Drosha and DGRC8). Drosha knockout mouse model was generated
using the Stra8Cre transgene, and the phenotype was compared with the Stra8CreDicer1 knockout [175]. Drosha has been reported to have some miRNA-independent
roles, for example, in mRNA cleavage and ribosomal RNA biogenesis [177];
however, in small RNA processing, the function of Drosha is limited to the processing of miRNAs, whereas Dicer processes both miRNAs and endo-siRNAs. The
comparison of Drosha and Dicer1 knockout testes revealed that Drosha deletion
caused more severe spermatogenic disruptions [175]. An opposite observation was
done using Ddx4Cre transgene to delete Dicer1 or Dgcr8 gene in male germ cells.
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Dgcr8 knockout male mice were infertile and displayed similar defects to Dicer1
knockout, however the defects were less severe [178]. Therefore, the deletion of
different components of the microprocessor complex (Drosha vs. DGCR8) results
in somewhat different phenotypes. Because of the contradictions, no clear conclusion can be made about the relative roles of miRNA and endo-siRNA pathways in
spermatogenesis. However, if the function of DGCR8 is mostly associated with
microprocessor complex whereas Drosha has miRNA-independent functions, the
more severe phenotype caused by the Drosha ablation could be explained by the
more diverse functions of Drosha. If this is the case, the comparison of the testicular
phenotypes of Ddx4Cre-driven Dicer1 and Dgcr8 knockout mice suggest that all
the defects in the Dicer1 knockout spermatogenesis cannot be explained because of
the defective miRNA pathway, but other pathways (e.g. endo-siRNA pathways and
small RNA-independent functions of Dicer) are also affected.
miRNAs are known to affect various cellular transcripts and therefore, several
studies have been designed to understand the changes in the transcriptome in the
absence of miRNA processing enzymes. The microarray analysis of the Stra8CreDicer1 knockout testis (PND18) [174] or pachytene spermatocytes and round spermatids [175] demonstrated that a high number of genes were differentially expressed
in the absence of Dicer. Disproportionately higher percentage of X- and Y-linked
genes was overexpressed in the PND18 Stra8Cre-Dicer1 knockout testis, which
suggests that these sex chromosomal genes could escape MSCI in Dicer1 knockout
spermatocytes. However, it remains unclear whether overexpression of the genes
that should be silenced during MSCI is induced by direct defects in MSCI or
whether it originates from the increased transcript stability or from the enrichment
of pre-MSCI spermatocytes in the analyzed knockout testis samples. It has to be
also noted that the ablation of Dicer or Drosha in spermatogonia did not signiﬁcantly affect the sex body formation in pachytene spermatocytes at microscopical
level. RNA sequencing of spermatocytes of Ddx4Cre-Dicer1 mice revealed a general upregulation of gene expression [178]. Interestingly, genes related to spermatogenesis or meiosis were not found to be affected but instead, the expression of
numerous lowly expressed genes were upregulated. Therefore, Dicer inactivation
appears to affect the ﬁne-tuning of protein-coding gene expression by increasing
low level gene expression.
It is clear that the disruption of miRNA/endo-siRNA pathways has dramatic consequences on spermatogenesis and it is difﬁcult to tell which ones of the affected
mRNAs are direct targets of small RNAs and which mRNA expression changes are
secondary effects due to the disrupted cellular processes. Furthermore, miRNAindependent functions of Dicer and Drosha further complicate the analysis of the
knockout phenotypes at transcriptome level. Not only protein-coding mRNAs but
also other cellular transcripts are affected in the absence of Dicer. For example, in
Ddx4Cre-Dicer1 knockout spermatocytes, the expression of transposable elements
of the SINE (short interspersed nuclear element) family was up-regulated [156].
Similar up-regulation of transposon expression (MT and SINE families) was observed
in Dicer1-deﬁcient mouse oocytes [26]. Dicer also functions in the processing and
detoxiﬁcation of transposon-derived RNAs in retinal pigmented epithelium, where it
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is involved in retrotransposon transcript degradation by a miRNA-independent
mechanism [179]. Interestingly, transposon expression was unaffected in the
Ngn3Cre-Dicer1 knockout testis, suggesting that Dicer may be involved in transposon control in embryonic and/or very early post-natal phases before the onset of
Ngn3 expression. On the other hand, major satellite expression was induced in the
testis of Ngn3Cre-Dicer1 knockout mice, similar to what is observed in mouse
embryonic stem cells lacking functional Dicer [173, 180, 181]. The diverse function
of Dicer in both miRNA-dependent gene regulation and miRNA-independent processes highlight the need for different mouse models that target speciﬁc pathways to
understand the exact roles of miRNAs during spermatogenesis.

miRNAs and Human Male Fertility
Spermatogenesis is a complex process that is also error-prone. Indeed, human semen
samples are considered normal with only 4 % of morphologically normal spermatozoa [182]. Moreover, alarming adverse trends in semen quality and the incidence of
testicular germ cell tumors and congenital malformations of the reproductive organs
in western countries have been reported [183], raising concern about environmental
and genetic factors that negatively affect male reproductive health. Increasing infertility is reﬂected by an increased use of assisted reproductive technologies (ART).
Paternal factors are involved in the etiology of infertility or subfertility in approximately half of the cases undergoing ART [184]. Reliable diagnosis tools are available
for some obvious forms of male infertility with clear changes in observable semen
parameters; however, sometimes the external characteristics of the sample may
appear normal but still the fertility of sperm is compromised. Therefore, additional
biomarkers to evaluate the quality of the sperm sample and sperm fertility status are
needed. Furthermore, there has been speculation concerning the phenotype and
health of the offspring produced from IVF and ICSI [185, 186], further highlighting
the requirement to better understand the etiology of male infertility prior to ART.
It is important to understand the gene expression changes during spermatogenesis
to correlate the possible changes in the transcriptome with speciﬁc types of male
infertility. The human testicular transcriptome has been analyzed using testis biopsies from prepubertal children and adult patients with arrested spermatogenesis at
different stages to gain insight into the transcriptome of different populations of testicular cells in humans [187]. Considering the crucial role of miRNAs for the normal
progress of mouse spermatogenesis, it is reasonable to assume that miRNAs may
play a role in the etiology of human male subfertility and infertility. miRNA proﬁles
of human spermatogonia, pachytene spermatocytes and rounds spermatids were
recently identiﬁed by miRNA microarrays, and several differentially expressed miRNAs were identiﬁed [188]. To understand the role of miRNAs in the human spermatogenic failure, miRNA expression proﬁles have been studied in normal testicular
tissues or in the testes of men with Sertoli cell only (SCO), mixed atrophy (MA) and
germ cell arrest (GA) histopathologic patterns.
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Deﬁnite analysis of testicular samples is challenging due to the complex organization of spermatogenic cells in the seminiferous epithelium and the heterogeneity of the
testicular samples. Therefore, spermatozoal RNA isolated from semen samples
appears to be a more feasible for diagnostic purpose than invasive testicular biopsies.
Despite the transcriptionally inactive state of mature spermatozoa, RNA proﬁling
experiments have identiﬁed a complex population of RNAs in mature spermatozoa
both in human and other species [189–191]. Spermatozoal RNAs include rRNA,
mRNA and both long and small ncRNAs. Among other small ncRNAs, such as piRNAs and small RNAs originating from repetitive elements or transcription start sites/
promoters, miRNAs have also been identiﬁed in human spermatozoa [192, 193]. The
functional importance of spermatozoal RNAs has remained unclear. Many transcripts
in spermatozoa appear compromised, and it is possible that some of them are remnants
of functional RNAs from earlier developmental stages [109, 191]. However, at least
some of the sperm-speciﬁc transcripts are transmitted to the oocyte upon fertilization
and potentially provide a post-fertilization function in early embryonic development
[194] or epigenetic inheritance [195].
Spermatozoal miRNAs have been suggested to act during early embryogenesis
by controlling the early embryonic gene expression [196]. miR-34c, which is the
most abundant sperm miRNA in humans [192], is also found in mature sperm and
zygotes in mice, and the injection of the miR-34c inhibitor into zygotes was reported
to attenuate the ﬁrst cleavage division after fertilization [197]. However, a recent
study demonstrated that the presence of miR-34b/c and miR-449a/b/c cluster miRNAs in sperm is dispensable for fertilization and preimplantation development in
vivo [161]. Therefore, direct evidence on the function of sperm-borne miRNAs in
the regulation of post-fertilization events is still missing.
Many studies have been conducted to search for differentially expressed spermatozoal protein-coding mRNAs in cases of asthenozoospermia, teratozoospermia,
oligozoospermia and idiopathic infertility [190, 196, 198, 199]. Similar experiments
have been carried out to identify the miRNA expression proﬁles from spermatozoa
of patients with different spermatogenic impairments (e.g., asthenozoospermic and
oligoasthenozoospermic males) [200, 201]. In addition to the spermatozoal miRNAs, cell-free seminal miRNAs that are predominately derived from the testis and
epididymis have been identiﬁed [202–204]. For example, three miRNAs, miR-141,
miR-429 and miR-7-1-3p, were shown to be signiﬁcantly increased in the seminal
plasma of patients with non-obstructive azoospermia compared with fertile controls
[205]. Because the expression of proﬁles of spermatozoal and seminal plasma miRNAs appear to be altered in patients with spermatogenic defects, they may emerge
as potential biomarkers for the diagnosis and classiﬁcation of male infertility.

microRNAs and the Placenta
Following implantation of the nascent embryo via coordinated/directed
trophectoderm-endometrial interaction, success of the pregnancy as well as health
of the fetus and mother are largely dependent on appropriate differentiation of the
placental trophoblast cell lineages [206].
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For the placenta will play an essential role in conversion of the spiral arteries and
establishment and maintenance of the placental bed. It is the placenta that will nourish the fetus during pregnancy, perform gas exchange and act as an endocrine organ.
Furthermore, the unique environment of the maternal fetal interface protects the
fetus from infection while allowing the hemi-allogenic placental cells to invade the
maternal spiral arteries and the uterus. With an essential role in health and maintenance of pregnancy it is not surprising that the study of miRNAs in the placenta and
also in the sera of pregnant women is an area of active investigation in both normal
and pathological pregnancies. The subject of miRNA expression and function during pregnancy could be a chapter topic in and of itself and is beyond the scope of
this chapter. Therefore we will mention three areas of active miRNA investigation
in the placenta, including: trophoblast development, protection from viral infection
and a role in pregnancy disorders.
Firstly, the placenta in the human is an organ with a 9-month lifespan where tissue is available for study at many of the critical stages in its development. Progenitor
cytotrophoblasts maintained throughout pregnancy, differentiate into the syncytiotrophoblast or invasive trophoblast cell lineages. Consequently, speciﬁc trophoblast
lineage and temporally regulated miRNAs have been studied in the human placenta
and in trophoblast cell lines. As reviewed by Morales-Prieto and colleagues differences in over 100-fold expression levels were found in miRNAs up or down regulated when comparing hundreds of miRNAs expressed in ﬁrst and third trimester
trophoblast cells [207]. Several of these miRNAs appear to be clustered in deﬁned
chromosomal regions with implications to imprinting as well as evolutionary placental development. Some of these miRNAs can be found to be differentially regulated, have the potential to be used as biomarkers from the sera of women with
pregnancy disorders as compared to normal pregnancies.
The placenta and the maternal fetal interface as a whole play an important role in
preventing infection of the fetus. A recent landmark study showed that cultured
human trophoblasts are highly resistant to viral infection [208]. Furthermore, trophoblasts can confer this resistance to non-placental cells via exsosome mediated
transfer of speciﬁc miRNAs. Placental exosomes are thought to be extracellular
vesicles of trophoblasts that can circulate in the maternal blood stream and may act
to transfer trophoblast protein and RNA. Interestingly, these exsosomes transferring
viral resistance properties contained miRNAs from one of the chromosomal regions
(the chromosome 19 miRNA cluster) that are expressed in a trophoblast speciﬁc
lineage pattern. These exosomes induced autophagy in the recipient cells and via
this mechanism inhibited replication of the virus.
miRNAs have also been implicated in pregnancy disorders, including preeclampsia [209]. Preeclampsia is a hypertensive disease of pregnancy with signiﬁcant
maternal and fetal morbidity and mortality worldwide. It is thought to be a two stage
disease with incomplete conversion of the spiral arteries leading to defective uteroplacental perfusion and placental oxidative stress. Betoni and colleagues performed
a meta-analysis of several microarrays—placenta based studies, and found that
there was a discrepancy for more than 75 % of the miRNAs implicated in the pathobiology of preeclampsia [210]. Much effort has been placed in identifying biomarkers in both the sera and placenta of women for the detection of preeclampsia before
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the appearance of clinical signs. Most recently high throughput analysis has been
used to identify gene regulatory networks incorporating miRNA expression data to
study expression of speciﬁc proteins in trophoblast cells cultured in vitro under
hypoxic conditions [211].
In summary, the placenta provides an opportunity to reveal the role of miRNAs
in such diverse processes as cell differentiation and development, cell invasion, oxidative stress, angiogenesis, immune regulation, protection from infection and disease prediction. The ﬁeld of miRNA in the placenta is still in its infancy and awaits
further investigation and study.

Conclusion
This chapter took a broad look at miRNAs expression through different parts of the
reproductive system. Many studies in ovarian cells succeed in uncovering miRNAs
inﬂuence on fundamental ovarian features like steroidogenesis, ovulation, and corpus luteum development and function. We emphasized the central role of miRNAs
in the regulation of spermatogenesis and male fertility. A central role for these molecules is also being depicted in the formation and function of the placenta as early
from the implantation of a blastocyst in the receptive endometrium and till later
stages of pregnancy.
A focus on their function in pathologic processes, such as anovulation and POF
is believed to lead to potential applications in ovulation induction, sperm maturation, ART and pregnancy complications.
The intensive research and the above mentioned ﬁndings suggest potential
important translational implications that may lead to clinical development of
miRNA based diagnostics and therapeutic tools in human fertility and reproduction.
As technologies continue to improve, miRNA proﬁling is getting easier, faster and
cheaper. At the time of this chapter publication, there were more then 200 clinical
trials enlisted in the NIH clinical trials web site involving miRNAs. Personalized
miRNAs based therapy is already into phase I/II trials in cancer and cardiac patients.
We believe that the near future will bring translational implications of this extensive
miRNAs research also into the ﬁeld of human reproduction.
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Chapter 19

microRNAs and Hepatitis B
Yutaka Naito, Yasuhito Tanaka, and Takahiro Ochiya

Abstract The hepatitis B virus (HBV) infection is the leading cause of persistent
liver diseases, cirrhosis, and hepatocellular carcinoma (HCC). However, the precise
mechanism underlying the development of HBV-related diseases is not fully understood. In addition, the therapeutic strategies for the diseases are less than optimum.
microRNAs (miRNAs) are small noncoding RNAs that have been described as a
“ﬁne-tuner” in various cellular events. The dysregulation of miRNAs play a role in
the development of the cancer as well as viral interference. Recent articles have
demonstrated that several miRNAs are deregulated by HBV infection and contribute to viral replication and pathogenesis. Thus, it suggests that the precise mechanism between miRNA and HBV biology will be leading to the development of the
novel diagnosis and therapy. This chapter aims to provide the basic principals of
miRNAs in development of the HBV-related diseases. We also discuss about the
possibility of miRNAs on the clinical application for diagnosis and therapy of HBVrelated diseases.
Keywords microRNA • Hepatitis B virus • Hepatocellular carcinoma

Introduction
Basic Knowledge of Hepatitis B Virus Infection
The hepatitis B virus (HBV) is a small enveloped DNA virus belonging to the
Hepadnaviridae family. It has a strong preference for hepatocyte and causes acute
or chronic liver diseases. According to World Health Organization (WHO),
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approximately 2000 million people infected with HBV, more than 240 million
people are chronic carriers and about 600,000 patients died each year [1]. In most
of HBV infection in adults, it is spontaneously eradicated from their liver. However,
about 5 % of adults who aquire HBV and also more than 90 % of neonatants who
were transmitted HBV from their mothers become chronic carrier [2]. Several lines
of evidences reported that chronic HBV infection causes immune-mediated liver
damages [3] and oncogenic changes that result in hepatocellular carcinoma (HCC)
[2]. Indeed, more than 50 % of all HCC patients are HBV carriers [4]. There are
efﬁcient vaccines and treatment strategies of HBV infection including interferon
based therapy and nucleotide analogues [5], however persistent HBV infection is
still global health problem. Therefore, better knowledge of the pathological and
biological basis of HBV infection is necessary for improved control and treatment.
The HBV genome consists of partially double strand DNA of 3.2 kb including
seven open-reading frames [6, 7]. The pre-S/S gene encodes three hepatitis B surface antigens (LHBsAg, MHBsAg, and SHBsAg). The pre-core gene encodes hepatitis B core antigen (HBcAg) and hepatitis B e antigen (HBeAg). The P and X
coding frame encode the viral speciﬁc polymerase and the hepatitis B x protein
(HBx), respectively. As the ﬁrst step of viral life cycle in hepatocyte, the entry of
HBV particles into the hepatocyte is likely regulated by glycosaminoglycan and
sodium taurocholate cotransporting polypeptide (NTCP) [7–9]. After viral entry,
HBV core is delivered into nucleolus and the partially circular DNA genome is
converted to a covalently closed circular DNA (cccDNA) molecule.
From a cccDNA, all the viral RNAs are transcribed to maintenance HBV infection. Among these transcripts, the pregenomic RNA (pgRNA) serves as template for
reverse transcription and generates the viral DNA. The pgRNA are incorporated
into the new assembling nucleocapsids in the cytosol. Reverse transcription of
pgRNA are initiated after this process.
The assembled viral core acquires envelope proteins into endoplasmic reticulum
and form mature virion that will be secreted from host cell, or back to the nucleus
to maintain the cccDNA ampliﬁcation. If the immune system fails to eradicate the
virus, the HBV infection becomes chronic. Eventually, in nucleus, cccDNA is integrated into the host cell chromatin and exist as a minichromosome [7, 10, 11].

microRNAs Expression and Hepatitis B Virus Infection
microRNAs (miRNAs) are small noncoding RNAs of 19–25 nucleotides and play
important roles in posttranscriptional repression, deadenylation, and degradation
[12]. Through inhibiting target gene translation, miRNAs participate in many cellular processes including development, differentiation, stress response, apoptosis,
and proliferation. Recent advances in HBV biology uncovered that several miRNA
expressions in host cell are deregulated by HBV infection. For instance, HBx that is
a key regulator of HBV infection and viral DNA replication has the ability to deregulate the cellular miRNAs expression. As shown in Table 19.1, we summarized
miRNAs that was reported as a dysregulated miRNA by HBV infection.
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Table 19.1 Dysregulated cellular miRNAs by HBV infection and their effect on HBV biology,
pathogenesis, and carcinogenesis
miRNA
miRNAs
Target gene
expressions
Positive regulator of HBV replication
miR-1
HDAC4
–

Correlation with HBx
protein

miR-15b

HNF1α

Downregulated by
HBx

miR-122

Cyclin G1

Down (in early
stage of infection)
Up (in late stage of
infection)
–

miR-155

HO-1
C/EBP

–
Up

SOCS1
HLA-A
NFIB

Up
Up
Up

HBXIP

Up

miR-548ah

INFγR1

Up

miR-581

Dicer, EDEM1

Down

miR-181a
miR372/373
miR-501

Negative regulator of HBV replication
miR-15a
HBp and HBx
Down
miR-17-92
cluster
miR-122
miR125a-5p

HBV transcripts

Up

HBV DNA
polymerase
HBsAg

Down

miR-141
miR-146a

PPARα
STAT1

–
Up

miR-152

DNMT1

Down

miR-199a

HBsAg

Up

miR-205

HBx

Down

Zhang et al.
[14]
Dai et al. [22]

Downregulated by
HBx

Wang et al.
[28]
Qiu et al. [49]
Wang et al.
[37]
Su et al. [38]
Liu et al. [39]
Guo et al. [17]

Support HBx
function

Jin et al. [20]
Xing et al.
[45]
Wang et al.
[50]

Downregulated by
HBx

Up
Up

Ref.

Upregulated by HBx

Downregulated by
HBx
Upregulated by HBx
Downregulated by
HBx

Wang et al.
[51]
Jung et al.
[52]
Chen et al.
[27]
Potenza et al.
[29]
Mosca et al.
[30]
Hu et al. [53]
Wang et al.
[54]
Huang et al.
[32]
Zhang et al.
[55]
Zhang et al.
[7]
(continued)
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Table 19.1 (continued)
miRNAs
miR-210

Target gene
HBV pre-S1

miRNA
expressions
Up

miR-1231

HBcAg

Up

Correlation with HBx
protein
Upregulated by HBx

Ref.
Zhang et al.
[55]
Kohno et al.
[31]

In this chapter, we will ﬁrst outline the functional role of miRNAs in the HBV
biology and related pathogenesis. Subsequently we will describe the miRNA-based
strategies for diagnosis and treatment of the HBV-related diseases.

The Biological Role of microRNA in Life Cycle of Hepatitis B
Virus and Effects on the Carcinogenesis
The viruses should take several steps to complete their replication and expansion.
Among these period, host cellular defensive mechanisms could be developed,
including as cell cycle arrest and viral clearance. Thus, the viruses modulate host
cellular environments to promote viral replication and achievement life cycle by
taking advantages of the miRNA machinery.
Although HBV is a DNA virus, it has not been veriﬁed the HBV encoded miRNAs. Only one viral miRNA were identiﬁed by in silico approach [13], but its function was not elucidated. As mentioned above, HBV infection induces the
dysregulation of several cellular miRNAs. HBV can utilize such dysregulated miRNAs in host cell to modulate host gene expression and cellular condition to promote
viral infection and replication.

miRNAs That Promote HBV Replication
Zhang and their colleagues demonstrate that miR-1 enhances HBV replication and
transcription in HCC cell line with integrated HBV genome [14]. They also show
that miR-1 represses histone deacetylase 4 (HDAC4) and upregulates FXRα, known
as transcriptional factor of HBV gene [15]. Epigenetic modiﬁcation of HBV
cccDNA, such as histone acetylation, involves in HBV gene transcription [16].
Thus, they suggested that miR-1 activated the HBV core promoter transcriptional
activity to enhance HBV replication. However, they also showed that miR-1 inhibited cell proliferation activity and induced reverse phenotype of cancer cell.
Because HBV-encoded proteins trigger the changes of host cellular phenotype
that confer the hallmarks of cancer [2], the functions of miR-1 in HBV infection
seem to be contradicted with hepatocellular carcinogenesis. Guo et al. reported that
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miR-372/373 are upregulated in HBV infected liver tissue [17]. They also showed
that miR-372/373 directly targeted nuclear factor I/B (NFIB) that plays a crucial
role in HBV infection and replication. Importantly, these miRNAs expression was
signiﬁcantly elevated in liver cirrhosis and HBV-related HCC [18, 19]. Although
further study must be required, it suggests that these miRNAs might have an important role in pathogenesis of HBV-related diseases.
There are also some miRNAs that suggested to work together with HBV protein
for promoting viral replication. Jin et al. reported the miRNA that support to the
function of HBx protein in host cell. They demonstrated that miR-501 directly targeted Hepatitis B X-interacting protein (HBXIP) [20]. HBXIP was originally identiﬁed for its interaction with HBx protein to repress HBV replication [21]. Thus,
they suggested that miR-501 regulates the function of HBx and promote HBV replication through inhibiting HBXIP.
Dai and their colleagues reported that the function of miR-15b in HBV replication and its expression kinetics in mouse model from early infection stage to late
infection stage [22]. miR-15b directly inhibited hepatocellular nucleic factor 1
alpha (HNF1α) expression to activate HBV Enhancer I which is enhancer sequence
of HBV genes. Consequently, miR-15b can promote HBV replication. However,
interestingly, in mouse model of HBV infection, miR-15b expression was sustained at low level by HBx protein in the early stage. On the other hands, in late
stage of this mouse model that developed HCC, miR-15 expression was increased.
Consistent with these points, it was reported that miR-15b expression was elevated at HCC stage [23, 24]. Although precise mechanisms of miR-15b up-regulation in late stage are not still unclear, it may contribute to persistent infection and
pathogenesis of HBV.

miRNAs That Repress HBV Replication
Several miRNAs that negatively regulate HBV replication in host cells are also
identiﬁed. miR-122 is the well studied miRNA in HBV infection as well as several
kinds of liver diseases. miR-122 is highly expressed in normal adult liver and has an
essential role in various aspects of the liver function, including hepatocellular
growth, differentiation, lipid metabolism, and neoplastic transformation [25].
Interestingly, although miR-122 is essential for HCV infection that is also major
etiologic factor of chronic liver diseases and HCC [26], it has a contrary effect on
the HBV infection. Chen and colleagues showed that miR-122 might directly target
the HBV polymerase expression to repress HBV replication [27]. These opposite
function of miR-122 between two viruses may be explained by the fact that miR122 was negatively regulated by HBx protein. Indeed, Wang et al. demonstrated that
miR-122 expression was downregulated in HBV infected patients [28]. Thus, it
suggests that miR-122 contribute to viral infection and carcinogenesis and has a
potential for clinical application.
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On the other hand, Potenza et al. identiﬁed miR-125a-5p as a directly regulator
of HBV gene expression by using computational approach [29]. In addition, they
conﬁrmed that miR-125a-5p directly suppressed the HBsAg expression using HCC
cell lines. However, their further study showed that miR-125a-5p expression was
enhanced by HBx protein [30]. Zhang and their colleagues identiﬁed miR-199a and
miR-210 a negative regulator of HBV replication through targeting HBsAg.
However, also in this case, these miRNA expressions were increased in HBV transfected cell line.
Kohno et al. reported that miR-1231 upregulated in HBV transfected cell lines
and HBV mouse model suppressed HBV replication by targeting HBcAg [31].
These examples are certainly complicated because HBV infection induces the
expression of miRNAs inhibiting viral replication. However, these miRNAs behavior on virus replication can be understood by focusing on the evasion of HBV from
host defense system. The transition from acute to chronic infection of HBV corresponds to a failure of HBV clearance by host immune systems.
Thus, it is conceivable that these miRNAs may contribute to escape from the HBV
eradication of host immune systems by suppressing viral replication. Consequently,
they reach a dormant state in the infected hepatocyte and the virus can survive until
reactivating the HBV life cycle. Corresponding to this point, several researchers suggest that the cccDNA epigenetic status is closely associated with the evasion of HBV
from host immune response. In addition to this point, Huang and colleagues demonstrated that the miR-152 regulates CpG islands methylation status of the cccDNA by
targeting the DNA methyltransferase 1 (DNMT1). They also showed the downregulation of miR-152 expression was induced by HBx protein [32].

The Biological Role of microRNA in Host Immune Response
and Effect on the Carcinogenesis
To survive and acquire the persistent infection in host organism, the virus should
escape from several defence systems of host organism, including the modiﬁcation
of homeostasis, the cell cycle arrest, apoptosis and the destruction of the host cell by
immune system. Several reports clariﬁed the important role of miRNAs in the
development and function of immune system [33]. miR-155 is an immune-related
miRNA and participates in the acute inﬂammatory response after recognition of
pathogens by the toll-like receptors [34, 35]. The upregulation of miR-155 can
cause the prolong exposure to inﬂammation which is causal agent to cancers like
HCC [36]. Two recent studies reported the function of miR-155 in carcinogenesis
and HBV infection. Using HCC-induced mouse model, Wang and collaborators
have demonstrated an oncogenic role of miR-155 at the early stages of the tumorigenesis [37]. While, Su et al. demonstrated that miR-155 suppressed suppressor of
cytokine signaling 1 (SOCS1) and promotes the JAK/STAT pathway [38]. They
also showed that miR-155 expression downregulates HBx expression [38].
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Liu et al. reported the upregulation of several miRNAs including miR-181a in
HCC cell line with integrated HBV genome [39]. They also showed that dysregulation of miR-181a might contribute to HBV replication by inhibiting the human leukocyte antigen A (HLA-A). However, it is still unclear whether these miRNAs
altered in HBV infected cells can regulate cell-speciﬁc regulatory functions and
affect directly on the immune cells. Several reports show that the presence of circulating miRNAs and the existence of intercellular nanovesicle-mediated miRNA
transfer and its impact on the environmental modulates [40–44]. Therefore, it is
conceivable that such secretion machinery of miRNA may have speciﬁc regulatory
function in immune cells to support viral evasion.
Finally, Xing et al. reported the upregulation of miR-548ah in peripheral blood
mononuclear cells (PBMCs) at immune activation phase of chronic Hepatitis B
compared with PBMC at immune tolerance phase of chronic Hepatitis B [45]. They
also showed that miR-548ah may modulate the function of INF-γ through targeting
INF-γ receptor 1 (INF-γR1), thereby promoting viral replication. INF-γ, secreted by
active Th1 macrophages and natural killer T cell, is important cytokine to increase
immune system activity. Thus, it suggests that miR-548ah may contribute to promote viral infection and evasion from host cell immunity.

microRNA as a Biomarker and Therapeutic Target for HBV
Infection
Understanding the precise mechanism of viral infection, antiviral immunity, and
carcinogenesis is important to development of the diagnosis and powerful targeted
therapeutical strategies. Thus, the functional miRNAs are great advantages as therapy for HBV infection and HBV-related HCC.
There are two miRNAs particularly interested for diagnostic or prognostic applications. Waidmann et al. reported the utility of miR-122 for diagnostic application
[43]. They conﬁrmed the difference of nine candidate miRNAs expression level in
the different group of HBV infected patient serums by using qRT-PCR methods. As
a result, they found that miR-122 expression was higher in HBV infected patients
than in healthy donors and could distinguish the different patient groups with or
without HBV infection, and inactive carrier patients with high or low HBsAg.
As another miRNA, miR-18a was identiﬁed as a potential marker for HBVrelated HCC screening [46]. When compared with serum expression level of miR18a in healthy donor and HBV-related chronic hepatitis or cirrhosis, the signiﬁcant
upregulation of miR-18a expression in HBV-related HCC patient serum was identiﬁed. Several reports also suggested using a miRNA panel to improve the speciﬁcity
of the test [40, 42]. Thus, in addition with the current routinely used markers such
as HBsAg, HBeAg, and alanine aminotransferase (ALT), the circulating miRNAs in
the patient serum have a signiﬁcant clinical value for better evaluation of the HBVinfection status, liver injury, and early diagnosis of HCC.
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As the therapeutic application of miRNA, the work of Ura’s group is valuable for
ﬁnding therapeutic targets involved in HBV-related HCC [47]. First, they analyzed
the difference of miRNA expression between the livers of HBV and HCV-positive
patients with HCC. As the results, they could indentify 19 miRNAs that were clearly
differentiated between HBV and HCV groups. Among these miRNAs, six miRNAs
are speciﬁc for HBV and 13 miRNAs are speciﬁc for HCV. Moreover, they also
performed a pathway analysis of candidate targeted genes using identiﬁed miRNAs
and revealed that these miRNAs targeted pathways were also able to distinguish the
cellular mechanisms altered in HBV or HCV-infected livers [47]. The modiﬁcation
of the cellular pathways related to signal transduction, inﬂammation and natural
killer toxicity, DNA damage, recombination, and cell death was observed. While
HCV infection modiﬁes those involved in immune response, antigen presentation,
cell cycle, and cell adhesion [47].
Finally, Kota and collaborators reported the therapeutic approach of HCC by
using viral delivery of miRNA [48]. By using an adeno-associated virus to deliver
miR-26a in a mouse model of HCC, they conﬁrmed whether the administration of
miR-26a enables safe and efﬁcient in vivo miRNA gene therapy. This resulted in the
successful inhibition of the cancer cell proliferation, induction of the tumor-speciﬁc
apoptosis, and dramatic protection from disease progression without toxicity.

Conclusion
miRNAs have emerged as novel regulator of cellular gene expression. Several lines
of evidences revealed that the speciﬁc cellular pathways were dysregulated by HBV
infection and might be closely associated with HBV-related pathogenesis. However,
despite these great efforts to elucidate the underlying mechanisms of HBV infection
and related diseases, the precise mechanisms about them still are largely unknown.
HBV utilizes the speciﬁc cellular molecules for their replication and evasion
from host immune systems. On the contrary, by a cellular point of view, it is also
conceivable that dysregulated pathways induced by HBV infection act as a host
defensive system to prevent from invader. HBV is one of the most common infectious causes of liver disease worldwide and is implicated in HCC development.
The present and further investigation will clarify the functional role of miRNA in
HBV biology and accumulate the knowledge that will be leading to the development of powerful-targeted therapeutical strategies.
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Chapter 20

Circulating microRNAs: The Future
of Biomarkers in Anti-doping Field
Nicolas Leuenberger and Martial Saugy

Abstract microRNAs (miRNAs) are small non-coding RNAs that regulate various
biological processes. Cell-free miRNAs have been proposed as biomarkers of disease, including diagnosis, prognosis, and monitoring of treatment responses. These
circulating miRNAs are highly stable in several body ﬂuids, including plasma and
serum; hence, in view of their potential use as novel, non-invasive biomarkers, the
proﬁles of circulating miRNAs have been explored in the ﬁeld of anti-doping. This
chapter describes the enormous potential of circulating miRNAs as a new class of
biomarkers for the detection of doping substances, and highlights the advantages of
measuring these stable species over other methods that have already been implemented in anti-doping regimes. Incorporating longitudinal measurements of circulating miRNAs into the Athlete Biological Passport is proposed as an efﬁcient
strategy for the implementation of these new biomarkers. Furthermore, potential
challenges related to the transition of measurements of circulating miRNAs from
research settings to practical anti-doping applications are presented.
Keywords Doping • Circulating microRNAs • Biomarkers • Athlete biological
passport

Introduction
One of the major challenges in the anti-doping ﬁeld is the identiﬁcation of speciﬁc
and sensitive non-invasive biomarkers that can be routinely measured in easily
accessible samples. microRNAs (miRNAs) are a particularly promising class of
biomarkers; these small (22 nucleotide), non-protein-encoding RNAs posttranscriptionally regulate gene expression via suppression of speciﬁc target mRNA
[1]. Since their discovery in the early 1990s, miRNAs have been shown to play
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important regulatory roles in a wide range of biological and pathological processes.
Over 500 miRNAs have been identiﬁed in humans to date [2]; this number seems
limited compared with the estimated 30,000 conventional messenger RNAs in
humans [3].
In 2008, miRNAs were identiﬁed in serum, plasma, urine, saliva, and other body
ﬂuids. Although RNA molecules are generally unstable, circulating miRNAs are
highly stable and readily detectable. The mechanism underlying the remarkable
stability of circulating miRNAs in blood has been investigated and discussed intensively [4]. Emerging evidence has demonstrated that miRNAs in the serum remain
stable after being subjected to severe conditions that would degrade most other
miRNAs. Despite the presence of RNase activity in plasma, subjecting plasma samples to up to eight freeze-thaw cycles or incubating them at room temperature for up
to 24 h has only a minimal effect on circulating miRNA levels [4]. By contrast,
synthetic miRNAs added directly to plasma are degraded rapidly, suggesting that
endogenous circulating miRNAs exist in a form that is resistant to plasma RNase
activity [4]. Differential centrifugation and size-exclusion chromatography experiments identiﬁed two populations of miRNAs in blood; most circulating miRNAs
co-fractionate with complexes of the argonaute 2 protein, whereas a speciﬁc minority are predominantly associated with vesicles [5, 6]. Both types of circulating miRNAs are sensitive to protease treatment of plasma, but are protected against digestion
by plasma RNase [5]. The identiﬁcation of extracellular argonaute 2-miRNA complexes in plasma raises the possibility that cells release a functional miRNA-induced
silencing complex into the blood.

Circulating miRNAs in the Anti-doping Field
In the same way that certain biomarkers are used to detect the biological ﬁngerprint
of disease, other biomarkers can be used to detect the biological ﬁngerprint of doping. The potential use of circulating miRNAs as speciﬁc biomarkers in the antidoping ﬁeld has been demonstrated by several groups. Leuenberger et al. found that
a single injection of continuous erythropoietin receptor activator induces an increase
in the plasma level of miR-144, a miRNA that plays an essential role in erythropoiesis in a number of organisms [7]. This ﬁnding emphasised the potential use of
miRNAs as circulating biomarkers for the detection of erythropoiesis-stimulating
agents. In addition, Kelly and colleagues found that four miRNAs are differentially
expressed in individuals using therapeutic replacement doses of recombinant human
growth hormone compared with normal controls or individuals with naturally high
levels of growth hormone, suggesting that circulating miRNAs may be used as biomarkers for the detection of recombinant human growth hormone abuse [8].
In a recent study, we demonstrated that circulating miRNAs can also be used to
detect autologous blood transfusion [9]. In this study, transfusion of autologous
blood triggered increases in the levels of several miRNAs in plasma. Because the
blood transfusion caused large increases in the levels of miRNAs in the lungs, the
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origin of these circulating miRNAs was likely pulmonary tissues. In addition, a
partial suppression of erythropoietin was observed after the transfusion; hence, a
mathematical model that used a combination of miRNA and erythropoietin levels
enhanced the efﬁciency of autologous transfusion detection.
The use of circulating miRNAs to detect performance-enhancing agents could
also be extrapolated to other doping trends, such as testosterone abuse. Currently,
the gold standard method of detecting exogenous testosterone administration is gas
chromatography–mass spectrometry analyses of urine samples. However, measurements of circulating miRNAs in plasma and serum are used to detect testosterone
abuse in our laboratory, and preliminary results show that longitudinal measurements of miRNA levels in plasma could be a promising approach.

Methods for the Detection of Circulating miRNAs
Serum, plasma, and whole blood have been assessed as matrices for miRNA proﬁling in blood. The choice of matrix has a signiﬁcant effect on miRNA concentrations; for example, serum has lower amounts of circulating miRNAs than plasma
[10]. Because of the high number of blood analyses required for the Athlete
Biological Passport (ABP), EDTA-plasma is the most widely used matrix in the
anti-doping ﬁeld [11]. Because blood parameters and miRNAs can be measured in
the same matrix, a single plasma-EDTA sample would be sufﬁcient to perform the
tests. Thus plasma seems to be the material of choice for miRNA analyses in antidoping laboratories. However, plasma samples containing heparin as an anticoagulant should not be used because this substance can interfere with downstream
assays, such as reverse transcription (RT) of the RNA prior to PCR analyses.
A critical factor that might affect the results of miRNA quantiﬁcation is the presence of haemolysis. Several studies demonstrate that mature erythrocytes contain
abundant and diverse miRNA species. In a recent report, Blondal et al. described a
number of different protocols and tests to assess haemolysis [12]. A simple and
cost-effective method is to measure oxyhaemoglobin absorbance at λ = 414 nm
using a spectrophotometer. Other methods based on a comparison of the levels of
miR-451, which is expressed at a high level in erythrocytes, and miR-23a, which is
not affected by haemolysis, have also been proposed [12].
Because of the small amount of circulating miRNAs and the large amounts of
proteins and lipids, extraction of miRNAs from blood samples is technically challenging. Moreover, plasma and serum contain various RT and PCR inhibitors. To
overcome these challenges, several phenol/chloroform-based protocols for the
extraction of miRNAs from biological ﬂuids have been developed [13]. Most of
these methods combine phenol/guanidine-based lysis of samples and silica
membrane-based puriﬁcation of total RNA. Typically, a monophasic solution of
phenol and guanidine thiocyanate is used to facilitate lysis, denature protein complexes and RNases, and remove most of the residual DNA and proteins from the
lysate by organic extraction. After the addition of chloroform, the lysate is separated
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into the aqueous and organic phases by centrifugation. The aqueous phase is then
extracted and the sample is applied to a silica membrane-based spin column, to
which the total RNA binds but phenol and other contaminants are efﬁciently washed
away. In addition, Andreasen et al. demonstrated that the addition of a small carrier
RNA prior to total RNA extraction improves the yield and reproducibility of phenol/chloroform-based RNA extractions [13].
Commercially available kits that do not use acid phase separation can also be
used to isolate miRNAs from body ﬂuids. The general principle of extraction of
these kits is similar to that of the phenol/chloroform method, but the non-phenol
lysis solution contains guanidine thiocyanate and a salt solution to denature and
precipitate proteins, respectively. The phenol/chloroform procedure typically produces higher yields of miRNAs than non-phenol-based lysis procedures, displays
reduced variance between assays, and can be fully automated; therefore, it is likely
the optimal method for the extraction of miRNAs from bioﬂuids [10]. Nevertheless,
different extraction methods should be tested to ﬁnd the most suitable procedure for
each study.
One of the main problems associated with circulating miRNA extraction and
sample comparisons is the accurate quantiﬁcation of the miRNAs. The low abundance of miRNAs in plasma is barely detectable using spectrophotometry. The efﬁciency of extraction of circulating miRNAs can be assessed by spiking the sample
with known quantities of non-human miRNAs (such as those from Caenorhabditis
elegans). The synthetic spike-in miRNAs are added to the denaturation buffer
(TRIzol or lysis buffer) and subjected to the entire extraction process. The amount
of spike-in miRNA in the eluate is typically measured by quantitative RT-PCR,
thereby providing an internal reference to assess the efﬁciency of the extraction.
Furthermore, the addition of synthetic spike-in miRNA can also be used to assess
the efﬁciency of the RT reaction.
Quantitative RT-PCR is the gold standard method of quantifying circulating
miRNAs. This technique has high sensitivity and speciﬁcity and is suitable for
quantiﬁcation across a wide dynamic range (the ratio between the largest and smallest values of a changeable quantity). Two major strategies enable the speciﬁc ampliﬁcation of mature miRNAs via RT-PCR. In the ﬁrst strategy, a stem-loop-shaped
primer binds speciﬁcally to the mature miRNA to generate a unique template for RT
[14]. Alternatively, in poly(A)-tailed PCR, a poly(A) tail is added to the 3′ UTR of
a mature miRNA by a polyadenylating enzyme, and then universal primers containing 5′ terminal oligo (dT) sequences are used to initiate the RT reaction [15].
Although the technical variability of circulating miRNA extraction can be normalised by using a non-human spiked-in control, no absolute internal controls exist
due to the cell-free condition of the sample. Invariant (non-changing) miRNAs are
sometimes selected as endogenous controls; however, the biological signiﬁcance of
speciﬁc miRNAs can be underestimated using this approach [15]. For example,
miR-16 is frequently used as an endogenous control because it is expressed at a high
level in plasma and is relatively invariant across a large number of samples [15].
However, elevated levels of miR-16 in serum correlate with several pathologies;
hence, further investigation is required to ensure adequate normalisation in this
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scenario [16]. The low-throughput nature of quantitative PCR is also a key issue for
miRNA-based studies; however, recently developed PCR array platforms have
partly solved this problem. For example, Exiqon produce miRNA Ready-to-Use
PCR arrays, which are 384-well microﬂuidics cards containing preloaded
miRNA-speciﬁc PCR primers; hence these arrays can proﬁle hundreds of miRNAs
simultaneously. Several other medium-throughput platforms, including customisable plates, are also commercially available [3].

Potential Use of Circulating miRNAs as a Component
of the ABP
The ﬁght against doping is based mainly on the direct detection of a prohibited
substance in an athlete’s biological sample. In addition, doping triggers physiological changes that provide enhancements in performance; therefore, some methods,
such as the ABP, use indirect markers of doping [11]. In 2008, the haematological
module of the ABP was the ﬁrst to be implemented by the International Cycling
Union [17]. To identify patterns related to blood doping, such as exposure to
erythropoiesis-stimulating agents or autologous blood transfusion, biomarkers
related to the haematopoietic system, including the haemoglobin concentration and
reticulocyte levels, are monitored over time and analysed using mathematical models that quantify individual variation [18].
The ABP, a new paradigm with immense potential in the current climate of rapid
advancements in biomarker discovery [11], uses information from biological tests
as indirect evidence to detect doping. Blood is a living tissue that undergoes permanent changes over time, and these changes must be taken into account during evaluation of the data or limited by implementing standardised procedures. For this
reason, stringent processes for sample collection, transport, and analysis of the data
have been put into place to guarantee the objective and reliable use of the ABP [19].
The use of circulating miRNAs to detect blood doping could be incorporated into
the adaptive model of the ABP [20]. Among the advantages of miRNAs as biomarkers is their high stability in blood. In addition, in contrast to other haematological
parameters, the levels of circulating miRNAs are not affected by environmental
factors such as inadequate storage during transport of the blood samples [21]; therefore, the requirement for cumbersome documentation regarding the transport and
storage of samples could be avoided. In addition, cDNA samples are highly stable
in different storage conditions [22].
Blood samples included in the haematological modules of the ABP are analysed
in laboratories that are accredited by the World Anti-Doping Agency, and strict
quality control criteria are applied to ensure that analyses are executed at a forensic
quality level. Blood parameter analyses are performed using automated blood cell
counters, and the resulting haematologic variables could be correlated with quantitative PCR measurements of circulating miRNA levels. PCR-based detection of
miRNAs is a well-established, robust, and reproducible method that has a number
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of key advantages, including its high sensitivity and speciﬁcity, potential for target
multiplexing, and low RNA input requirement, all of which facilitate expression
analyses, even in anti-doping samples with limited amounts of material [12]. In
addition, this technology has already been implemented in a large number of diagnostic laboratories and routine protocols are well established. Quality controls could
easily be included at every step to monitor sample haemolysis as well as extraction,
RT, and qPCR efﬁciencies, and could be used as normalisation factors [12]. The
incorporation of quality controls eliminates the within-subject variation and
increases the efﬁciency and accuracy of evaluation of biological data.
Rigorous procedures are required to ensure the proper implementation and validation of new biomarkers in the ABP. For the haematological module, it was possible to take advantage of extensive prior experience with biomarkers such as the
haematocrit and haemoglobin level. For example, Schumacher et al. demonstrated
that the haemoglobin concentration shows signiﬁcant diurnal- and exercise-related
variations [23]. The same group also reported that the percentage of reticulocytes in
blood samples is modiﬁed by long- and short-term exercise [24]. These observations are taken into account during the interpretation of blood proﬁles of athletes.
However, little data currently exists regarding external or environmental factors that
could interfere with miRNA measurements in blood. Nevertheless, different laboratories have demonstrated that exercise can inﬂuence certain types of circulating
miRNAs, such as miRNAs involved in inﬂammation and muscle metabolism [25–
31]. In addition, the impacts of other confounding factors, such as altitude and the
use of hypoxic chambers, on circulating miRNAs levels should also be studied. In
contrast to haemoglobin, circulating miRNAs were only discovered fairly recently
(in 2008); therefore, the results of additional studies in different research areas, such
as the diagnosis of diseases based on measurements of circulating miRNAs as
blood-related biomarkers, should be incorporated into the interpretation of longitudinal miRNA measurements in the context of the ABP.

Conclusions and Future Perspectives
The enormous potential of circulating miRNAs as a class of anti-doping biomarkers
is based on a number of advantageous features of these species. First, circulating
miRNAs are remarkably stable molecules, are well preserved in harsh conditions,
and are resistant to RNase activity. In addition, they are easily accessible, can be
sampled in a relatively non-invasive manner, and are readily measured by simple
quantitative PCR approaches. The incorporation of longitudinal measurements of
circulating miRNAs into the ABP should enable their implementation as new biomarkers in the anti-doping ﬁeld. Nonetheless, the ﬁeld of circulating miRNA
research is still in its infancy and further work must be done to characterise potential
confounding factors that may inﬂuence their use as reliable biomarkers. Because of
the plethora of data supporting the clinical use of miRNAs as biomarkers of diseases, a number of robust and reproducible tests for use in patient treatment
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decisions are currently under development. Thus clinical information related to the
use of circulating miRNAs as a new generation of biomarkers could be extrapolated
to anti-doping research.

References
1. Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and stability by
microRNAs. Annu Rev Biochem. 2010;79:351–79; Epub 2010/06/11. eng.
2. Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA biogenesis, function
and decay. Nat Rev Genet. 2010;11(9):597–610; Epub 2010/07/28. eng.
3. Pritchard CC, Cheng HH, Tewari M. MicroRNA proﬁling: approaches and considerations. Nat
Rev Genet. 2012;13(5):358–69; Epub 2012/04/19. eng.
4. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et al.
Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad
Sci U S A. 2008;105(30):10513–8; PMID: MID 18663219. eng.
5. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. Argonaute2 complexes carry a population of circulating microRNAs independent of vesicles in human plasma.
Proc Natl Acad Sci U S A. 2011;108(12):5003–8; PMID: MID 21383194. eng.
6. Chevillet JR, Kang Q, Ruf IK, Briggs HA, Vojtech LN, Hughes SM, et al. Quantitative and
stoichiometric analysis of the microRNA content of exosomes. Proc Natl Acad Sci U S A.
2014;111(41):14888–93; PMCID: 4205618.
7. Leuenberger N, Jan N, Pradervand S, Robinson N, Saugy M. Circulating microRNAs as longterm biomarkers for the detection of erythropoiesis-stimulating agent abuse. Drug Test Anal.
2011;3(11-12):771–6; Epub 2011/11/25. eng.
8. Kelly BN, Haverstick DM, Lee JK, Thorner MO, Vance ML, Xin W, et al. Circulating
microRNA as a biomarker of human growth hormone administration to patients. Drug Test
Anal. 2014;6(3):234–8. doi:10.1002/dta.1469; Epub 2013/03/16. Eng.
9. Leuenberger N, Schumacher YO, Pradervand S, Sander T, Saugy M, Pottgiesser T. Circulating
microRNAs as biomarkers for detection of autologous blood transfusion. PLoS One. 2013;8(6),
e66309.
10. McDonald JS, Milosevic D, Reddi HV, Grebe SK, Algeciras-Schimnich A. Analysis of circulating microRNA: preanalytical and analytical challenges. Clin Chem. 2011;57(6):833–40;
PMID: MID 21487102. Eng.
11. Sottas PE, Vernec A. Current implementation and future of the Athlete Biological Passport.
Bioanalysis. 2012;4(13):1645–52; Epub 2012/07/27. eng.
12. Blondal T, Jensby Nielsen S, Baker A, Andreasen D, Mouritzen P, Wrang Teilum M, et al.
Assessing sample and miRNA proﬁle quality in serum and plasma or other bioﬂuids. Methods.
2013;59(1):S1–6; Epub 2012/10/06. eng.
13. Andreasen D, Fog JU, Biggs W, Salomon J, Dahslveen IK, Baker A, et al. Improved microRNA
quantiﬁcation in total RNA from clinical samples. Methods. 2010;50(4):S6–9; Epub
2010/03/11. eng.
14. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, et al. Real-time quantiﬁcation
of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005;33(20), e179; PMCID:
1292995.
15. Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis of circulating microRNA biomarkers
in plasma and serum using quantitative reverse transcription-PCR (qRT-PCR). Methods.
2010;50(4):298–301; Epub 2010/02/12. eng.
16. Schwarzenbach H, Nishida N, Calin GA, Pantel K. Clinical relevance of circulating cell-free
microRNAs in cancer. Nat Rev Clin Oncol. 2014;11(3):145–56.

408

N. Leuenberger and M. Saugy

17. Schumacher YO, Saugy M, Pottgiesser T, Robinson N. Detection of EPO doping and blood
doping: the haematological module of the Athlete Biological Passport. Drug Test Anal.
2012;4(11):846–53; Epub 2012/03/01. eng.
18. Pottgiesser T, Sottas PE, Echteler T, Robinson N, Umhau M, Schumacher YO. Detection of
autologous blood doping with adaptively evaluated biomarkers of doping: a longitudinal
blinded study. Transfusion. 2011;51(8):1707–15; Epub 2011/03/09. eng.
19. Robinson N, Sottas PE, Pottgiesser T, Schumacher YO, Saugy M. Stability and robustness of
blood variables in an antidoping context. Int J Lab Hematol. 2011;33(2):146–53; Epub
2010/08/20. eng.
20. Leuenberger N, Robinson N, Saugy M. Circulating miRNAs: a new generation of anti-doping
biomarkers. Anal Bioanal Chem. 2013;405(30):9617–23.
21. Grasedieck S, Sorrentino A, Langer C, Buske C, Dohner H, Mertens D, et al. Circulating
microRNAs in hematological diseases: principles, challenges and perspectives. Blood.
2013;121:4977–84; Epub 2013/04/04. Eng.
22. Mraz M, Malinova K, Mayer J, Pospisilova S. MicroRNA isolation and stability in stored RNA
samples. Biochem Biophys Res Commun. 2009;390(1):1–4; Epub 2009/09/23. eng.
23. Schumacher YO, Wenning M, Robinson N, Sottas PE, Ruecker G, Pottgiesser T. Diurnal and
exercise-related variability of haemoglobin and reticulocytes in athletes. Int J Sports Med.
2010;31(4):225–30; Epub 2010/02/12. eng.
24. Schumacher YO, Sahm D, Baumstark MW, Pottgiesser T. Reticulocytes in athletes:
Longitudinal aspects and the inﬂuence of long- and short-term exercise. Drug Test Anal.
2010;2(10):469–74; Epub 2010/10/05. eng.
25. Baggish AL, Hale A, Weiner RB, Lewis GD, Systrom D, Wang F, et al. Dynamic regulation of
circulating microRNA during acute exhaustive exercise and sustained aerobic exercise training. J Physiol. 2011;589(Pt 16):3983–94; PMCID: 3179997; Epub 2011/06/22. eng.
26. Nielsen S, Akerstrom T, Rinnov A, Yfanti C, Scheele C, Pedersen BK, et al. The miRNA
plasma signature in response to acute aerobic exercise and endurance training. PLoS One.
2014;9(2), e87308; PMCID: 3929352.
27. Wu XD, Zeng K, Liu WL, Gao YG, Gong CS, Zhang CX, et al. Effect of aerobic exercise on
miRNA-TLR4 signaling in atherosclerosis. Int J Sports Med. 2014;35(4):344–50.
28. Pareja-Galeano H, Sanchis-Gomar F, Garcia-Gimenez JL. Physical exercise and epigenetic
modulation: elucidating intricate mechanisms. Sports Med. 2014;44(4):429–36.
29. Uhlemann M, Mobius-Winkler S, Fikenzer S, Adam J, Redlich M, Mohlenkamp S, et al.
Circulating microRNA-126 increases after different forms of endurance exercise in healthy
adults. Eur J Prev Cardiol. 2014;21(4):484–91.
30. Banzet S, Chennaoui M, Girard O, Racinais S, Drogou C, Chalabi H, et al. Changes in circulating microRNAs levels with exercise modality. J Appl Physiol. 2013;115(9):1237–44.
31. Kirby TJ, McCarthy JJ. MicroRNAs in skeletal muscle biology and exercise adaptation. Free
Radic Biol Med. 2013;64:95–105.

Chapter 21

microRNA Expression Profiling: Technologies,
Insights, and Prospects
Christine Roden*, Stephen Mastriano*, Nayi Wang*, and Jun Lu

Abstract Since the early days of microRNA (miRNA) research, miRNA expression
proﬁling technologies have provided important tools toward both better understanding of the biological functions of miRNAs and using miRNA expression as
potential diagnostics. Multiple technologies, such as microarrays, next-generation
sequencing, bead-based detection system, single-molecule measurements, and
quantitative RT-PCR, have enabled accurate quantiﬁcation of miRNAs and the subsequent derivation of key insights into diverse biological processes. As a class of
~22 nt long small noncoding RNAs, miRNAs present unique challenges in expression proﬁling that require careful experimental design and data analyses. We will
particularly discuss how normalization and the presence of miRNA isoforms can
impact data interpretation. We will present one example in which the consideration
in data normalization has provided insights that helped to establish the global
miRNA expression as a tumor suppressor. Finally, we discuss two future prospects
of using miRNA proﬁling technologies to understand single cell variability and
derive new rules for the functions of miRNA isoforms.
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miRNA Profiling Technologies and Considerations on miRNA
Isoforms
After the initial discoveries of lin-4 and let-7 miRNAs in C. elegans [1–3], searches
for similar functional small RNAs have led to the realization that hundreds to thousands of miRNAs exist in genomes ranging from worms to human, which are now
well annotated in the online database miRBase [4]. To quantify the expression of
many mature miRNAs simultaneously and economically, multiple miRNA expression proﬁling technologies have been developed. Unlike measuring longer RNAs,
measurements of miRNA expression faces a unique challenge of how to detect ~22
nucleotide small RNAs speciﬁcally and accurately, being that the short length of
mature miRNAs makes it difﬁcult to use regular reverse transcription procedures.
Two major approaches have been utilized to address the difﬁculty of detecting
mature miRNAs. One approach extends the length of miRNA molecules to permit
easier reverse transcription, either through adaptor ligation or 3′ tailing of additional nucleotides. Adaptor ligation is one of the most common methods to prepare
small RNA libraries for microarray, bead-based detection, or next-generation
sequencing analyses [5–7]. The most common adaptor ligation protocols require
ligating both an adaptor on the 3′ end of the miRNA, catalyzed by an RNA ligase,
and another adaptor on the 5′ end of the miRNA (Fig. 21.1). The presence of the
ligated adaptors on the miRNAs provides molecular handles for successful priming
of reverse transcription reactions and PCR. Another strategy is to extend the 3′ end
of miRNA molecules by tailing with additional nucleotides, often catalyzed by a
terminal nucleotidyl transferase. For example, an artiﬁcially added poly A tail
allows the binding of a poly-dT primer for reverse transcription. The second major
approach utilizes various methods of direct hybridization. Because mature miRNAs
are of short lengths, conventional hybridization based miRNA-detection protocols
face the challenge of lower hybridization temperature and hence potential lower
speciﬁcity. Two examples to solve this challenge involve either chemically modiﬁed oligonucleotides with higher annealing temperatures [8] or hybridization of two
short oligonucleotides to the same molecule of miRNA, thus creating a stacking
effect that improves the speciﬁcity [9, 10] The pros and cons of each speciﬁc technology have been examined and discussed carefully elsewhere [11] and will not be
a major topic in this chapter.
A key issue that users of these technologies face is the analysis and interpretation
of small RNA proﬁling data. Many researchers new to the miRNA ﬁeld mistakenly
take the face values of the proﬁling results as a direct reﬂection of mature miRNA
expression levels within cells. It is thus important to emphasize that the existence of
mature miRNA isoforms can complicate the interpretation of proﬁling results.
MiRNA isoforms can be classiﬁed into two categories: (1) sequence isoforms and
(2) biochemical-modiﬁcation isoforms. Deep sequencing data on small RNAs (e.g.,
[7, 12]) and northern blot analyses of speciﬁc miRNAs (e.g., [7, 12, 13]) have
revealed that multiple sequence isoforms of the same miRNA coexist in the cells.
These isoforms may differ in length, but may also differ in the start position of the
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Fig. 21.1 Adaptor-ligation-based method for miRNA ampliﬁcation and quantiﬁcation. T4 RNA
ligase catalyzed addition of single-stranded 5′ and 3′ adaptors is a frequently used approach to
amplify miRNAs and quantify their expression. Among these steps, the 3′ adaptor is blocked on
the 3′ end to avoid self-ligation. 3′ adaptor is often pre-adenylated on the 5′ end (5′App) which
allows reaction with miRNAs in the absence of ATP, to avoid circularization of miRNAs

5′ nucleotide and/or the end position of the 3′ nucleotide. For example, miR-222
isoform expression in the Hodgkin’s lymphoma cell line HDMYZ is shown in Fig.
21.2. Variability during miRNA biogenesis is one of the major sources of variations
in mature miRNA sequence length and start/end positions. miRNAs are transcribed
as relatively long hairpin-bearing primary miRNA (pri-miRNA). Such pri-miRNA
molecules are processed, often co-transcriptionally, by Drosha/DGCR8-containing
microprocessor complex within nucleus [14, 15] into precursor miRNA (premiRNA). After transport out of the nucleus, pre-miRNAs are then processed by the
Dicer/TRBP complex into mature miRNAs. Both DGCR8/Drosha and TRBP/Dicer
processing steps are known to generate some level of variability in the processing
position on miRNA hairpin [16, 17]. Another source of mature miRNA variation is
post-processing modiﬁcation of mature miRNAs. For example, when miRNAs bind
to their targets with sufﬁcient complementarity, both target-template-based tailing
and trimming may occur [18], resulting in multiple miRNA isoforms with differing
3′ ends. In addition, non-templated nucleotide additions at 3′ end of miRNAs have
also been well documented [19–22].
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HDMYZ Cells: Pri-miR-222 Isoform Match Sequence
5P (Star)

0

0.1
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0.3

0.4

3P (Mature)

Fig. 21.2 Example of miRNA sequence variations. Small RNA sequencing data in HDMYZ cells
were analyzed to demonstrate sequence variability of miR-222-5p and miR-222-3p. Sequences for
miRNA precursor are shown on the top, with mature miRNAs in miRBase (version 21) in colored
fonts. The isoforms and their relative abundance are shown, with the total miR-222 level set to one.
Error bars represent standard deviation (n = 3)

Given that various miRNA expression proﬁling technology utilize different
biochemical principles for miRNA labeling and/or detection, any given technology
can only detect a speciﬁc subset of miRNA isoforms, and may produce inaccurate
measurements for some miRNAs in cell. For example, several miRNA proﬁling
technologies, such as the detection methodology utilized in a speciﬁc microarray
platform [23, 24], require precise 3′ ending position of the miRNAs to match those
of the designed probe sequences. The most common practice is to design such
miRNA detection platforms with miRNA sequences from miRBase. Although in
the majority of cases the start and end positions of a given miRBase miRNA reﬂect
what are expressed in cells, there are plenty of instances in which the miRBase
mature miRNA sequence differ from the most abundant miRNA isoforms in a cell
type of interest. For example, in HDMYZ cells, the most abundant isoform of miR222-3p differs 2 bases from the corresponding miRBase (Release 21) sequence at
the 3′ end (Fig. 21.2) [25]. It is thus conceivable that for some miRNAs, those
technologies requiring precise 3′ end of miRNAs may end up detecting a minor
isoform not functionally important in cells. It is also important to note that validation techniques, such as quantitative RT-PCR, can have similar requirements for the
3′ end positions of miRNAs, which, again, are usually designed based on miRBase
sequences. For example, the reverse transcription step of TaqMan qRT-PCR [26]
will not allow the detection of miRNA molecules with a 3′ end extending beyond
those of their designed sequences [20, 21].
Other than isoforms of different lengths and positions, miRNA isoforms with
the same sequence but different biochemical features also coexist in the same cells.
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As a product of RNase III enzymes, newly produced mature miRNAs should bear a
5′ phosphate group and have a 3′-hydroxyl group. The 5′ phosphate group is important for the positioning of the mature miRNA within Argonaute (AGO) proteins
[27, 28], which is an essential component of the RNA-mediated silencing complex.
However, dephosphorylation can occur in the presence of phosphatases [29], leading to a mixture of both phosphorylated and non-phosphorylated miRNA molecules
in the same cells. In addition to 5′ biochemical isoforms that differ at the level of
phosphorylation, 3′ chemical modiﬁcations have also been reported to occur on
miRNAs [20].
A large number of miRNA detection technologies, including most qRT-PCR
methods and many proﬁling techniques, do not require the presence of 5′-phosphate
for detection, and thus will report the total abundance of miRNA isoforms, regardless of their phosphorylation status. Given that the presence of 5′ phosphate on
miRNA molecules determine its interaction with AGO proteins [28] and thus may
impact its interaction with their targets, reporting total miRNA isoform abundance
without considering miRNA phosphorylation status can lead to key missing information for follow-up studies. Among miRNA proﬁling methods, most adaptor
ligation-based library preparation techniques (Fig. 21.1) do require the presence of
5′ phosphate groups for successful 5′ ligation reactions, and can provide expression
information for miRNAs with 5′ phosphorylation.

Considerations on the Normalization of miRNA Expression
Profiling Data
Data normalization is a critical step that can signiﬁcantly impact the proper interpretation of miRNA expression proﬁling data. Almost every method of data normalization is associated with hidden assumptions that are not always explicitly detailed.
For genome-wide protein-coding transcriptome analysis, there are a few frequently
used normalization methods. These include the assumption of similar distribution
of the expression levels in the transcriptome across samples (such as the RMA
method), the assumption of total or median expression of transcripts being equal
across samples (such as using RPKM measurements for RNA-seq analyses), and
the assumption that the expression levels of invariant gene expression are similar
across samples (such as using “house-keeping” gene expression for qRT-PCR
normalization).
However, these assumptions used for protein-coding transcripts may not be
applicable to miRNA studies. In most biological samples, the number of detectable
miRNAs is usually in the low hundreds, with the majority of miRNAs documented
in miRBase having no detectable expression. Thus, cautions should be applied with
median-based normalization to ensure that experimental noise will not heavily
inﬂuence ﬁnal normalization results. Similarly, it cannot always be assumed that
the distribution of miRNA expression is similar across samples, and quantile-based
normalization methods should be used with careful validation. In addition,
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“house-keeping” genes utilized in miRNA expression normalization are of variable
expression across tissues. Even U6 small RNA, often used as the control gene in
miRNA qRT-PCR experiments or northern blot, cannot be assumed to be constant.
Validation should always be performed to ensure that the control gene is of uniform
expression in all experimental conditions if the invariantly expressed gene normalization approach is taken. One way to perform such validation is to evaluate
whether the expression of the control gene per cell or per amount of total RNA
signiﬁcantly alters under the experimental setting. Finally, it may not be safe to
assume that total miRNA expression is constant across samples [5]. This is because
total miRNA levels can be altered in disease conditions [5], upon culture conﬂuency [30], with the activation of the Hippo pathway [31], or subjected to RNA
modiﬁcation events [32].
Given the challenges of normalization, our laboratory has used several empirical
rules to determine which method of normalization should be applied as an initial
choice. When examining data from a single cell line treated with either genetic
agents or chemicals, it is often safe to assume that total miRNA expression remain
constant across samples. Exceptions will include conditions that result in differential culture conﬂuency, or the activation of the Hippo pathway, as mentioned above.
When it is suspected that global miRNA expression within cells may be altered
under the experimental condition or between samples, spike-in of synthetic RNA
sequences of miRNA-like chemical structure can be used for normalization [5].
Finally, employing multiple techniques for validating normalization results is
always an important consideration.

From Profiling Data to Insights into the miRNA Pathway
as Tumor Suppressor in Cancer
miRNA expression proﬁling has generated speciﬁc insights into diverse biological
processes, including cancer. To illustrate the importance of data normalization, we
will focus on one speciﬁc example of how such technical considerations have
contributed to the theory that the miRNA pathway functions as a tumor suppressor
in cancer.
In examining the expression proﬁles of solid cancer tissues from multiple cancer
types, it has been observed that cancer tissues tend to express globally lower total
miRNA levels compared to corresponding normal tissues. This observation was
possible due to the use of spike-in synthetic small RNA, and subsequent normalization based on these synthetic RNA signals to reﬂect miRNA quantities per amount
of total RNA. Consistent with this, cancer cell lines express lower amounts of total
miRNA as compared to tissue samples [5]. In contrast to these results, a similar
study on solid cancer tissues with a normalization method assuming median miRNA
expression across samples could not observe this phenomenon [33], suggesting that
the choice of normalization method may lead to differences in data interpretation.
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The ﬁnding of globally lower miRNA expression in cancer can lead to several
interesting questions. First, does this lowered global miRNA expression reﬂect the
consequence of reaching a cancerous state, or does lowered miRNA pathway activity play functional roles during tumorigenesis? Second, what are the mechanisms
that can result in global miRNA expression changes? Third, other than lowering
global miRNA expression, do cancer cells utilize other approaches to avoid miRNAmediated gene expression control? Seminal studies from multiple laboratories have
provided key answers to these questions, which are summarized below.
How can global decrease in miRNA abundance occur in cancer cells? Although
miRNAs tend to locate in fragile regions of the genome [34], it is difﬁcult to imagine that genetic loss of speciﬁc miRNA loci can contribute to this global decrease.
Instead, changes in the miRNA biogenesis pathway are more likely the source.
Consistent with this concept, Kumar et al. found that the Dicer1 allele exhibit frequent hemizygous copy number loss in many tumor types [35]. Using a well-deﬁned
mutant-K-ras-initiated lung cancer model, Kumar et al. observed that genetic Dicer
ablation cooperates with mutant K-ras to initiate tumorigenesis [36]. Interestingly,
on the mutant K-ras background, both Dicerﬂ/+ mice and Dicer1ﬂ/ﬂ gave rise to similar levels of increased tumorigenesis [36], and it was later conﬁrmed that the lung
tumors formed in both Dicer1ﬂ/+ and Dicer1ﬂ/ﬂ mice had only one allele of Dicer1
ablation, with the other allele being wild type, leading to a model that a single-copy
loss of Dicer1 promotes tumorigenesis, whereas losing both copies of Dicer1 is
incompatible with cancer.
As a modiﬁcation of this theory, Ravi et al. have found that Dicer null status can
be compatible with a cancerous cell state [37]. Using mutant K-ras and p53 null
mouse sarcoma as a model, it was shown that Dicer null cells can exist on this compound genetic background, and the resultant Dicer null cells can form tumors in vivo
[37]. While Dicer null cancer cells can be propagated as a cell line in vitro, it has
also been observed that Dicer null cells show higher levels of apoptosis, suggesting
that complete loss of Dicer can result in a tumor with reduced ﬁtness. Similar results
have been obtained from a study in which 293T cell lines with complete ablation of
Dicer can be propagated in culture. These cells also show decreased ﬁtness in comparison with cells retaining wild-type Dicer alleles [38, 39].
Interestingly, in both studies, a small amount of miRNAs can still be observed in
cells with complete loss of Dicer. Even though it is not fully clear whether the
remaining levels of miRNAs are functional, these observations raise an interesting
question whether complete loss of miRNA expression can be incompatible with a
cancerous state. Overall, these studies support that global loss of miRNA expression
functionally enhances tumorigenesis. Partial loss of miRNA processing activity
enhances tumorigenesis in the presence of other oncogenic mutations, whereas further loss of miRNA processing activity will be detrimental to, although may not
completely abrogate, tumorigenic potential.
In addition to Dicer1 copy number alterations, mutations of TRBP2, a Dicer
partner protein, have been identiﬁed both in human cancer cell lines and in cancer
specimens [40]. Recently, high frequency mutations in several miRNA processing
pathway genes, including Dicer1, Drosha, DGCR8, and Exportin5, have been
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reported in subsets of Wilms tumor [41, 42]. In addition to genetic mutations or
copy number alterations, cancer-related signaling pathways can regulate global
miRNA processing. For example, Hwang et al. initially found that culturing cells to
conﬂuency increases global miRNA expression [30].
Mori et al. further demonstrated that signaling from Hippo pathway, an important cancer pathway, can control the processing of many miRNAs through ciselements in pri-miRNAs. Speciﬁcally, phosphorylated nuclear-localized YAP can
sequester an important cofactor in the microprocessor complex, DDX17 (p72),
away from pri-miRNAs. In addition to the Hippo pathway, SRSF3 (also known as
SRp20) and RNA methylation protein METTL3 have also been linked to primiRNA processing control for a large number of miRNA genes [43]. It will be
interesting to examine whether such factors can contribute to cancer initiation and/
or progression.
Besides alterations in miRNA processing, the fact that cancer cells are more
proliferative than normal cells provides a further link to decreased global miRNA
expression in cancer. miRNAs are recognized as highly stable in cells [25, 43, 44],
and a recent survey across eight mammalian cell types further demonstrated widespread long half-lives of the vast majority of miRNAs [25]. Such high stability
means that cells proliferating faster will have increased probability to passively
dilute their miRNA pool, and thus leading to further decreased global miRNA levels
in cancer cells.
Other than the downregulation of global miRNA levels, cancer cells have a
higher tendency to evade miRNA-mediated gene regulation through modulation of
alternative polyadenylation events. Sandberg et al. observed that alternative utilization of polyadenylation sites can occur in proliferating cells, which leads to shortened 3′UTRs for many messenger RNAs [45–50]. Mayr et al. speciﬁcally examined
this effect in cancer, and shortening of 3′UTR in cancer cells leads to evasion of
regulation by tumor suppressor miRNAs [51].
Together, the above studies highlight the importance of proper normalization of
miRNA expression proﬁling data because global miRNA expression may be altered
in disease or experimental conditions.

Conclusions and Future Prospects
The past decade or so has seen exciting development of methodologies in quantifying miRNA expression proﬁles, which has not only led to biological insights about
miRNA-regulated cellular pathways, but also raised the prospect of miRNAexpression-based diagnostics in clinics. At the same time, insights gained from
miRNA proﬁling will push new technology development and raise fundamental
questions about miRNAs. We discuss here the single-cell-level intercellular miRNA
expression heterogeneity, and further work to understand the functional impact of
intracellular miRNA isoform heterogeneity.
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Table 21.1 Comparison of existing single-cell miRNA quantiﬁcation technologies. Features of
single cell miRNA quantiﬁcation methods, including qRT-PCR, ﬂuorescence in situ hybridization
(FISH), and microﬂuidics RT-PCR are shown
Cell number input
miRNA Multiplexing
Single cell quantiﬁcation

qRT-PCR
A few cells
>100 miRNAs
Yes

FISH
Many cells
~1–3 miRNAs
Yes

Microﬂuidic RT-PCR
300 Cells
9 miRNAs
Yes

The appreciation of cellular heterogeneity in both normal and diseased tissues
has led to a demand of single cell technologies to quantify gene expression at the
single cell level. For example, it is increasingly recognized that cancer cells are
heterogeneous within the same tumor, and in acute myeloid leukemia, rare cancer
stem cells are capable of initiating leukemia and evading therapeutic treatment [52–
54]. miRNAs proﬁles, as an important reporter of cellular and diseased states [5],
could be very useful in deciphering the heterogeneity within a cell population. Such
heterogeneity information might further aid disease diagnosis.
Compared to messenger RNAs, highly expressed miRNAs have the advantage
of being more abundant in terms of molecules per cell and with overall longer halflives, and thus may be less susceptible to noise of transcription at the single cell
level. In addition, the ability of measuring miRNA expression in singles cells, coupled with single cell measurements of messenger RNAs, can be a powerful tool to
shed light on how miRNAs regulate target genes at the single cell level, which is
currently only achievable using reporter systems for a single miRNA on a single
target gene [55, 56].
Several methodologies have been demonstrated to detect miRNA expression in
single cells (Table 21.1). For example, Tang et al. have demonstrated the feasibility
of using multiplex RT and two rounds of ampliﬁcation to detect expression from
~200 miRNAs in a limited number of single cells [57]. In situ hybridization-based
methods are capable of examining a large number of cells, but with one or a few
miRNAs [58, 59].
More recently, a microﬂuidics-based method reported the detection of a few
miRNAs in ~300 single cell measurements per microﬂuidics chip [60]. However,
these technologies compromise either on the throughput for the number of miRNAs
or on the number of cells to be detected. Ideally, an approach for single cell small
RNA sequencing could be possible to provide both cell and miRNA throughput,
which also has added beneﬁts of quantifying non-miRNA small RNAs in single
cells. This, however, is not currently feasible. To our knowledge, the lowest amount
of total RNA reported to generate successful small RNA sequencing [61] is ~5 ng of
RNA from serum and body ﬂuids (which may not have the same composition of
RNA types as in cells). An additional consideration is that single cells of different
sources vary signiﬁcantly in size, and smaller cells with overall less RNA will
demand more sensitive detection. For example, our laboratory’s estimate is that
mouse hematopoietic progenitors cells have on average ~1–2 pg of total RNA per
cell, whereas human embryonic stem cells can have ~10 pg total RNA per cell.

418

C. Roden et al.

On top of cell size, cancer cells and cancer cell lines tend to have lower amount
of miRNAs, which will further add challenges to miRNA detection at the single cell
level. Low amount of RNA will likely pose challenges, with low substrate concentration, for biochemical reactions of T4 RNA ligase (Fig. 21.1), which is slow reacting and difﬁcult to push reaction to completion even for larger quantities of RNAs.
The advancements in the ﬁeld of microﬂuidics may change the landscape of single
cell proﬁling of miRNAs [60]. Microﬂuidics permit shrinking reaction volumes to
the nanoliter range, which substantially increases substrate concentrations that may
overcome the limitation of low RNA levels in single cells. With a combination of
improvement in biochemical reactions and microﬂuidics, it might be possible to
achieve single cell small RNA sequencing in the next few years.
The appreciation of the coexistence of multiple sequence- or biochemicalisoforms of miRNAs leads to important questions regarding their functions in cells.
Can these miRNA isoforms regulate different sets of genes? Do they play distinct
biological functions in cells? As an important target-recognition motif for miRNAs,
the “seed” region is located at positions 2–7 or 2–8 at the 5′ end of miRNAs [62].
For some miRNAs, it is thus conceivable that isoforms with different “seed”
sequences may regulate different sets of target genes. It has been observed in
genomic data analyses that a 6-nucleotide region with a single base offset from the
traditional seed is also associated with target gene regulation [62]. The regulatory
output of such “offset 6mer” cannot be easily explained by crystal structures of
miRNA-AGO2 complexes [27, 28]. It is thus possible that the gene regulation effect
of the offset-6mer motif is actually mediated by miRNA isoforms in cells. Careful
analyses, possibly with synthetic miRNA strands, are necessary to understand the
regulatory and functional roles of miRNA isoforms.
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