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Preface

This book represents one volume—focused on biology and basic science—of a tril-
ogy exploring the functional role of microRNAs from molecular biology to clinical
practice. Of the other two volumes, one addresses cancer while the other provides
an ample overview on the importance of microRNA in the clinical scenario.

This volume provides a state-of-the-art outline of microRNA pathophysiology. It
covers up-to-date basic notions on these tiny molecules, discussed by leading scien-
tists in the field. An introductory chapter discussing the emerging role of microR-
NAs, epigenetics, and micropeptidomics opens the book, followed by a thorough
description of the microRNA machinery. Then, specific aspects of these fundamen-
tal molecules are investigated at different levels: in distinctive processes (such as
lipid metabolism, hematopoiesis, aging), in diverse tissues (including the cardiovas-
cular system and endometrium), cell types (pancreatic beta cells, endothelial cells,
smooth muscle cells), organelles (mitochondria), and also in the complex interac-
tion with single proteins (as in the chapter dedicated to NF kappa B). An elegant
outline summarizing the principles of microRNA target prediction alongside with
the most up-to-date and effective computational approaches concludes this first
volume.

As mentioned above, chapters are contributed by worldwide renowned experts,
working in prestigious universities including: Harvard, Yale and Oxford; Mount
Sinai School of Medicine; Ohio and Ohio State Universities; University of Texas
MD Anderson Cancer Center; University of South Alabama; Cedars-Sinai Medical
Center in Los Angeles; The Scripps Research Institute (La Jolla, CA); Institute for
Stem Cell Research in Santa Fe Springs (CA); Laval University in Canada; Kyoto
University; Akita University; Nippon Medical School; Nagoya City and Okayama
University in Japan; National Neuroscience Institute in Singapore; the Hong Kong
Baptist University; the HKBU Institute for Research and Continuing Education in
Shenzhen, China; Institute for Communicative and Cognitive Neuroscience in
Kavalappara; University of Hyderabad in India; Federation University in Australia;
Hebrew University in Jerusalem; and prominent European Institutions including
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Universities of Pavia, Turin, Lausanne, Montpellier, Oviedo, Aveiro, Vienna,
Ljubljana and Tartu, the National University of Ireland, St. James’s Hospital in
Dublin, and the Royal College of Surgeons in Ireland.

Throughout these chapters, the authors spotlight forthcoming opportunities for
research in basic pathophysiology and in prevention/therapy, in addition to detailed
and exhaustive overviews of the current literature pertaining to microRNAs.

The book includes numerous color photographs, schemes, and diagrams of
molecular pathways and tables that support and complement the text.

The comprehensive and systematic overview provided within these volumes is
expected to assist the reader in comprehending the importance of taking into account
the functional roles of microRNAs and also to address questions and unresolved
issues regarding their importance in diagnosis and treatment of several disorders.

Finally, the editor would like to express his sincere appreciation to all the con-
tributors for their dedicated collaboration in this project. I also wish to thank my
family and the Springer team, especially Aleta, Jeff, and Diana, for their patient,
professional, and constant support. I sincerely hope this book will enable readers to
connect basic research principles with up-to-date clinical knowledge, thereby
encouraging future discoveries and developments of new therapeutic strategies.

New York, NY, USA Gaetano Santulli, M.D., Ph.D.

The original version of the editor affiliation has been revised. An erratum can be found at
DOI 10.1007/978-3-319-22380-3_13


http://dx.doi.org/DOI�10.1007/978-3-319-22380-3_13

The complexity of gene regulation by proteins alone was so enormous that I never imagined—and
nobody I knew imagined—that we needed to look for new kinds of regulatory molecules.

Victor Ambros JCB 2013;201:492

But it is important to continue to explore the diversity of biology, and not become myopic about
translating biological discovery to humans via, for example, more research on our closer
relatives.

Gary Ruvkun Nat Med 2008;14:1041
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Chapter 1
A Fleeting Glimpse Inside microRNA,
Epigenetics, and Micropeptidomics

Gaetano Santulli

Abstract MicroRNAs (miRs) are important regulators of gene expression in
numerous biological processes. Their maturation process is herein described, includ-
ing the most updated insights from the current literature. Circa 2000 miR sequences
have been identified in the human genome, with over 50,000 miR-target interactions,
including enzymes involved in epigenetic modulation of gene expression. Moreover,
some “pieces of RNA” previously annotated as noncoding have been recently found
to encode micropeptides that carry out critical mechanistic functions in the cell.
Advanced techniques now available will certainly allow a precise scanning of the
genome looking for micropeptides hidden within the “noncoding” RNA.

Keywords miRNA ¢ Micropeptides * ORF ¢ Micropeptidome ¢ Mitochondria
Myogenin ¢ Humanin ¢ SERCA ¢ MOTS-c ¢ Micropeptidomics ¢ RISC
* Pharmacogenomics ® Drosha ¢ Dicer « METTL3 ¢ Exportin ® TargetScan * miRWalk
* miRBase ¢ EpimiR ¢ Transcriptome ¢ Precision medicine

Introduction

MicroRNAs (miRs) are an evolutionarily conserved family of small (~22 nucleo-
tides) generally [1-4] noncoding RNAs, first discovered in Caenorhabditis elegans
[5-8]. They represent a vital component of genetic regulation, existing in virtually
all organisms, suggesting thereby a pivotal role in biological processes. Undeniably,
miRs are important regulators of gene expression in a plethora of biological pro-
cesses including cellular proliferation, differentiation, and tumorigenesis [9-26].
Other examples of noncoding RNAs are reported in Table 1.1.

The original version of this chapter was revised. The erratum to this chapter is available at:
DOI 10.1007/978-3-319-22380-3_13

G. Santulli, M.D., Ph.D. (<)
Columbia University Medical Center, New York Presbyterian
Hospital—Manhattan, New York, NY, USA

“Federico II” University Hospital, Naples, Italy
e-mail: gsantulliO01 @ gmail.com
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Table 1.1 Characteristics of noncoding RNAs within the cell

Abbreviation
miRNA
rRNA

tRNA

aRNA

eRNA

lincRNA

piRNA

shRNA
siRNA

snRNA

snoRNA

SRP-RNA

tiRNA

Y RNA

CUT
NAT

PALR

PROMPT

RNase P

Complete name
MicroRNA
Ribosomal RNA
Transfer RNA
Antisense RNA

Enhancer-like
ncRNA (1D/2D)
Long intergenic
RNA

PIWI-interacting
RNA

Short hairpin RNA
Short interfering
RNA

Small nuclear
RNA

Small nucleolar
RNA

Signal recognition
particle RNA

Transcription
initiation RNA
Y RNA

Cryptic unstable
transcript
Natural antisense
transcript
Promoter-
associated long
RNA

Promoter
upstream
transcript
Ribonuclease P

Main functions
Gene silencing
Translation
Translation
Transcriptional
attenuation
Transcriptional
enhancers
Transcriptional
and
posttranscriptional
regulation
Genome
stabilization
Gene silencing
Gene silencing

Splicing

Methylation

(C/D box),
pseudouridylation
(H/ACA box)
Translocation of
proteins across the
endoplasmic
reticulum
Transcriptional
regulation

DNA replication
and RNA
processing
(repressor of
Ro60)

Gene regulation
RNA interference

Transcriptional
regulation

Gene transcription

Endonucleolytic
5’ cleavage of
tRNA precursors
(ribozyme)

Length (nt)
21-25
120-4700
70-100
>30
50-2000

<50 kb

24-30

19-29
21-25

~20-24

18

83-112

200-800
Variable

200-1000

long

354-417

G. Santulli

Ref.

[4]

[88]
[89]
[90,91]
[92, 93]

[94]

[95]

[96]
[97]

[98]

[99]

[100, 101]

[102]

[103, 104]

[105-107]

[108]

[109, 110]

(continued)
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Table 1.1 (continued)
Abbreviation Complete name Main functions Length (nt) Ref.
RNase MRP Mitochondrial Mitochondrial 265-340 [111, 112]
RNA processing DNA replication
ribonuclease and rRNA
maturation
(ribozyme)
SINE Short interspersed | Transcriptional <500 [113, 114]
repetitive elements | suppressor (e.g.
Alu element)
TERC Telomerase RNA Telomere 451 [115, 116]
component synthesis
T-UCR Transcribed Transcriptional >200 [117,118]
ultra-conserved enhancer
region
vlincRNAs Very long Transcriptional >50 kb [119, 120]
intergenic RNA and
posttranscriptional
regulation
Biogenesis

Classically, miRs are regarded as negative regulators of gene expression that inhibit
translation and/or promote mRNA degradation by base pairing to complementary
sequences within the 3’-untranslated region (3’-UTR) of protein-coding mRNA
transcripts [27, 28] —mRNA degradation accounts for the majority of miR activity
[29]. By altering levels of key regulators within complex genetic pathways, miRs
provide a posttranscriptional level of control of homeostatic and developmental
events [30-32].

Specific structural aspects of miRs are discussed in detail in Chap. 2 of this book.
Briefly, maturation of miRs involves a multi-step process [33—35] that starts from the
transcription (mainly operated by RNA polymerase II) of single-stranded nonprotein-
coding RNAs, which are either transcribed as stand-alone transcripts (intergenic
miRs), often encoding various miRs, or generated by the processing of introns of
protein-coding genes (intragenic or intronic miRs). Transcription of intergenic miRs
leads to the formation of primary miRs (pri-miRs) with a characteristic hairpin or
stem—loop structure [36], which are subsequently processed by the nuclear RNase III,
Drosha [37], and its partner proteins, including the DiGeorge Syndrome Critical
Region 8 (DGCRS, known as Pasha in invertebrates), named for its association with
DiGeorge Syndrome [38, 39], to become precursor miRs (pre-miRs). On the other
hand, intronic miRs are obtained by the regular transcription of their host genes and
then spliced to form looped pre-miRs, bypassing thereby the Drosha pathway [33,
40]. Recently, Claudio Alarcén and colleagues discovered that the addition of an m6A
mark to primary miRs by methyltransferase-like 3 (METTL3) is required for their
recognition by DGCRS [41]. They also proved that METTL3 is sufficient to enhance
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miR maturation in a global and non-cell-type-specific manner, acting as a strategic
posttranscriptional modification that promotes the initiation of miR biogenesis.

Pre-miRs are exported from the nucleus in the cytoplasm in a process involving
the Ran-GTP-dependent shuttle Exportin-5 [42]. Once in the cytosol, the pre-miR
hairpin is cleaved by the RNase III enzyme Dicer [43, 44], yielding a mature
miR:miR* duplex about 22 nucleotides in length, which is subsequently incorporated
into the protein complex called RNA-induced silencing complex (RISC) to form
miRISC [45, 46]. At this point, one of the double strands, the guide strand, is
selected by the argonaute protein [47], the catalytically active RNase in the RISC
complex, on the basis of the thermodynamic stability of the 5’ end. In particular, the
strand with a less thermodynamically stable 5’ end is commonly chosen and loaded
into the RISC complex [48], serving as a guide for mRISC to find its complemen-
tary motifs in the 3’-UTR of the target mRNA(s). Although either strand of the
mature duplex may potentially act as a functional miR, only one strand is usually
incorporated into the RISC where the miR and its mRNA target interact [49, 50].
Such a binding inhibits the translation of the protein that the target mRNA encodes
or promotes gene silencing via mRNA degradation [51, 52].

Nearly 2000 miR sequences have been heretofore identified in the human
genome, with over 50,000 miR-target interactions. Several algorithms and bioinfor-
matics websites, including TargetScan and miRWalk [53, 54], have been developed
to predict specific mRNA/miR interactions. However, miR binding rules are quite
complex and not fully understood, resulting in a lack of consensus in the literature.

Given all these crucial features, miRs could represent an important way for the cell
to establish intercellular (with other cells, via secreted miRs) and intracellular (among
its own genes) communication. Determining direct cause-and-effect links between
miRs and mRNA targets is essential to understanding the molecular mechanisms
underlying disease and the subsequent development of targeted therapies [55, 56].

Walking through an Apparently Complicated Nomenclature:
miR, miR, miR-Xa, miR*

Nomenclature of miRs may appear confusing to the naive readers. Briefly, mature
miRs are named using the non-italicized prefix “miR-" followed by a roman number
(with the exception of a few early miRNAs including the let family); stem—loop
precursor miRs are all named using the italicized prefix “mir-".

Similar miR sequences are distinguished by a lettered suffix, for example, miR-
200a, miR-200b, and miR-200c, without implying shared targets or functions.
Identical miR sequences are distinguished by a numerical suffix: for instance, mir-
7-1 (located on chromosome 9), mir-7-2 (located on chromosome 15), and mir-7-3
(located on chromosome 19) can all produce identical mature miRNAs. Mature
miRs can be formed from either arm of the stem—loop precursor miRNA (pre-miR).
In the majority of cases, one arm is more commonly formed than the other (guide
strand). Previous convention was to name these strands according to their relative
abundance, with the less common form (“passenger strand”) taking the name
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miR-X*. However, the latest convention is to name mature miRs by the arm of the
pre-miR from which they are derived, regardless of their abundance: those from the
5" arm are named miR-X-5p and those from the 3’ arm as miR-X-3p. Therefore,
miR-181a is now known as miR-181a-5p and miR-181a* is now known as miR-
181a-3p, avoiding problems with the previous system if the abundance of each arm
changes between tissues, developmental stages, or species. All of the above naming
conventions can be preceded by a three-letter code which identifies the species the
miRNA is from: hsa=homo sapiens (human); rno=rattus norvegicus (rat).
Therefore, miR-181a-5p found in humans could be represented as hsa-miR-181a-5p.
Of note, identical miRNAs are given the same number, regardless of species.

Epigenetics and miRs: An Intricate Affair

Epigenetics is the study of heritable changes in gene expression caused by mecha-
nisms other than changes in the underlying DNA sequences [57], including DNA
methylation [58] and posttranslational modifications of chromatin proteins [59, 60].
The main enzymes involved in this process are DNA methyltransferases (DNMT),
histone demethylases (HDM), histone acetylases (HAT), and histone deacetylases
(HDAC). Mounting evidence demonstrates that epigenetics and miRs can affect
each other in an intricate connection [61-64]. Indeed, miRs play a key role in regu-
lating DNA methylation or histone modifications through means of directly target-
ing epigenetic enzymes or functional protein complexes. For instance, a global
DNA hypomethylation is induced by miR-29b leading to marked reduction of the
expression of DNMT1, DNMT3A, and DNMT3B and subsequent reactivation of
tumor suppressor genes pl5 (INK4b) and ESR1 [65, 66]. Another example is given
by miR-200a, which upregulates histone H3 acetylation via direct targeting of the 3’
untranslated region of the HDAC4 mRNA [67].

On the other hand, epigenetic control is involved in the regulation of miR expres-
sion. DNA methylation of promoter-associated CpG dinucleotides generally corre-
lates with reduced transcription levels of corresponding miRs [68-70], thereby
inducing the expression of miR target genes. A novel miR-148a/DNMT 1 regulatory
circuit has been identified in hepatocellular carcinogenesis: a member of the miR-
148/152 family, miR-148a is a tumor suppressor that can be silenced by hypermeth-
ylation and interacts with DNMT1 [71].

A comprehensive database, EpimiR, in which experimentally validated mutual
interactions between epigenetics and miRs are described, has been recently pub-
lished [72].

The Emerging Functional Role of Micropeptidomics

Intriguingly, some so-called “noncoding” pieces of RNA may actually encode short
proteins (micropeptides) that carry out critical mechanistic functions within the
cell(s). A conserved micropeptide (46 amino acids), named myoregulin, encoded by
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RNA that had been previously misannotated as noncoding, has been recently identified
by Olson’s group [2]. Myoregulin is a skeletal muscle-specific micropeptide
that forms a transmembrane alpha helix within the membrane of the sarcoplasmic
reticulum (SR), where it modulates Ca?* handling interacting with the SR Ca*
ATPase (SERCA).

Such a micropeptide displays a structural resemblance to phospholamban and
sarcolipin, which inhibit SERCA activity in the heart and in slow-type and develop-
ing skeletal muscle [73]. The fact that putative long noncoding RNA may harbor
hidden micropeptides had been suggested by recent genome-wide analyses [74].
However, heretofore the microproteome has largely been overlooked in gene anno-
tations [75, 76].

Due to their small size, micropeptides could not be identified by genome annota-
tion or by protein prediction algorithms whose threshold of detection is relatively
high: indeed, in scans of the genome, a DNA sequence is usually not considered
potentially protein-coding unless it can encode a string of more than 100 amino
acids [77]. Of note, albeit some short peptides have crucial biological functions,
these peptides are generally fragments chipped off larger proteins [78]. More of
these “mysterious” RNA molecules could produce peptides too small to be consid-
ered true proteins but which nonetheless carry out important functions (Fig. 1.1).

Recently, other nonclassical peptides—encoded by small open reading frames
(ORF)—have been discovered. These micropeptides are translated from ORF
shorter than 100 amino acids. In contrast to other bioactive peptides, micropeptides
are not cleaved from a larger precursor protein and lack an amino-terminal signaling
sequence [79]. An estimated 40 % of mRNAs in the fruit fly Drosophila melanogaster,
in which the first micropeptides were identified [80-82], might contain upstream
OREFs in 5'-regions and some show signs of evolutionary conservation [83].

Fig. 1.1 Micropeptidomics:
multa paucis or hic sunt
leones?
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Exploring the mitochondrial genome, a compact circular genetic system that
encodes for 13 proteins essentially dedicated to energy production, Pinchas Cohen
and colleagues have identified a short ORF encoded within the mitochondrial 12S
rRNA that yields a bioactive peptide, named MOTS-c (mitochondrial ORF of the
125 rRNA type-c) involved in the regulation of metabolic homeostasis. The Cohen’s
laboratory was among the three groups [84-86] that independently discovered
another important mitochondrial peptide, humanin, encoded in the mitochondrial
genome by the 16S ribosomal RNA gene, MT-RNR2, which displays fundamental
cytoprotective effects.

Similar short peptides could be hiding in several places in the genome, including
in transcripts of unknown function. Hence, exploiting state-of-the-art techniques [1,
87], a major exciting field of research in the next years will be represented by scan-
ning the microproteome embedded in the (previously annotated) “noncoding” RNA.

Is this the way toward precision medicine? We’ll see.
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Chapter 2
The microRNA Machinery

Thomas C. Roberts

Abstract MicroRNAs (miRNAs) are short (~22 nucleotides) single-stranded RNA
molecules that primarily function to negatively regulate gene expression at the post-
transcriptional level. miRNAs have thus been implicated in the regulation of a wide
variety of normal cell functions and pathophysiological conditions. The miRNA
machinery consists of a series of protein complexes which act to: (1) cleave the
precursor-miRNA hairpin from its primary transcript (i.e. DROSHA and DGCRS);
(2) traffic the miRNA hairpin between nucleus and cytoplasm (i.e. XPOS5); (3)
remove the loop sequence of the hairpin by a second nucleolytic cleavage reaction
(i.e. DICER1); (4) facilitate loading of the mature miRNA sequence into an
Argonaute protein (typically AGO2) as part of the RNA-Induced Silencing Complex
(RISC); (5) guide the loaded RISC complex to complementary, or semi-
complementary, target transcripts and (6) facilitate gene silencing via one of several
possible mechanisms.

Keywords Argonaute ®* AGO?2 ¢ Dicer * DICER1 ¢ Exportin-5 ¢ XPOS5 ¢ Drosha
* microRNA « DGCRS

Introduction

Microribonucleic acids (microRNAs, miRNAs) are short (21-23 nucleotides),
single-stranded, non-coding RNA molecules that are encoded in the genomes of
higher organisms. miRNAs primarily function as post-transcriptional gene expres-
sion regulators [1] and miRNA-mediated regulation has been implicated in a wide
variety of cellular processes and disease conditions. As such, miRNAs are of inter-
est as potential therapeutic targets [2—4] and as disease biomarkers [5-7].
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miRNAs are embedded within hairpin structures in long (100s—1000s of nucleo-
tides) primary-miRNA (pri-miRNA) transcripts that are transcribed by RNA
Polymerase II [8]. pri-miRNAs are capped and polyadenylated transcripts that can
be either long non-coding RNAs or conventional protein-coding mRNAs [9] (in
which case the hairpin resides in the intronic sequence of the pre-mRNA [10]). The
majority of miRNAs are transcribed from independent transcriptional units,
although some miRNAs are arranged in polycistronic clusters [11]. For example,
the IncRNA gene MIRI7HG contains the miR-17-92 cluster implicated in tumori-
genesis and other diseases [12].

The miRNA hairpin, termed the precursor-miRNA (pre-miRNA), is ~70 nucleo-
tides in length and typically contains multiple bulges at mismatched nucleotides.
The mature miRNA species is generated from the pri-miRNA by two sequential
endonucleolytic processing reactions. The pre-miRNA is liberated from the primary
transcript by the first RNase cleavage reaction, whereas the loop sequence is
removed by the second cleavage reaction. These two processing stages are spatially
separated such that they occur in the nucleus and cytoplasm, respectively [13].
Subsequently, the mature miRNA is then loaded into RISC (RNA-Induced Silencing
Complex) where it acts to guide the complex to target mRNAs and silence their
expression [14-18].

This chapter focuses on the canonical mode of miRNA maturation and function,
focusing on the protein components which comprise this pathway. Notably, there
are numerous caveats and exceptions. These include miRNAs processed from non-
standard precursor RNA substrates, miRNAs which bypass various processing
stages, and miRNAs which execute non-canonical functions in the nucleus or extra-
cellular space. Such deviations from the canonical paradigm are reviewed else-
where [19, 20].

While much of the seminal work on miRNAs was performed in model organisms
such as Drosophila melanogaster and Caenorhabditis elegans, this chapter is pri-
marily concerned with the human miRNA machinery for the purpose of medical
relevance. HGNC gene symbols are used throughout with commonly used non-
standard names in parentheses where applicable.

DROSHA, DGCRS

In human cells, the pre-miRNA hairpin is cleaved from the pri-miRNA transcript in
the nucleus by the enzyme DROSHA (Drosha). DROSHA is 145-160 kDa protein
[21] with predominantly nuclear localization [22, 23]. The importance of DROSHA
is exemplified in the roundworm Meloidogyne incognita, where knock-down of
Drosha results in embryonic lethality [24]. Similarly, a conditional Drosha knock-
out in postnatal murine testes revealed an essential role for Drosha in spermatogen-
esis [25]. DROSHA belongs to the type III ribonuclease class of enzymes, which
characteristically introduce staggered cuts in their RNA substrate duplexes
[26]. DROSHA contains two RNase III domains (RIIIDa and RIIIDb). These
domains form an intramolecular dimer as they are arranged in close proximity in
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three-dimensional space. As such, RIIIDa cleaves the 3’ strand of the hairpin
whereas RIIIDD cleaves the 5’ strand [27]. Immunopurified DROSHA is capable of
cleaving synthetic pri-miRNAs to generate pre-miRNAs in vitro [23]. Furthermore,
silencing of DROSHA by RNA interference (RNAi) resulted in accumulation of
pri-miRNAs and depletion of pre-miRNAs [23].

In vivo, DROSHA associates with a multitude of additional proteins including
double-stranded RNA binding proteins (dsRBDs), hnRNPs, DEAD-box/DEAH-
box RNA helicases and DGCRS [21]. The DGCRS (DiGeorge Syndrome Critical
Region 8) gene resides in a region of chromosome 22 that is deleted in sufferers of
DiGeorge syndrome, a rare genetic disease with varied symptoms including con-
genital heart disease, learning difficulties, facial abnormalities and immune dys-
function [28, 29]. Immunoprecipitation of DGCR8 co-precipitated only DROSHA,
and the resulting eluates exhibited robust pri-miRNA in vitro cleavage activity [21].
Similarly, recombinant DROSHA and DGCRS8 generated in insect cells could
reconstitute pri-miRNA cleavage activity when the two proteins were combined.
However, either recombinant protein in isolation was insufficient for pri-miRNA
processing [21]. Interestingly, DROSHA exhibited some level of non-specific
RNase activity which was inhibited when DGCR8 was present. Depletion of
DROSHA or DGCR8 by RNAI also abrogated pri-miRNA processing. Together,
these studies demonstrated that the DROSHA-DGCRS8 complex is necessary and
sufficient for pri-miRNA processing [21]. This complex of the DROSHA and
DGCRS proteins is collectively known as the Microprocessor. Similar functional
associations between DROSHA and DGCRS8 homologues have also been demon-
strated in D. melanogaster and C. elegans [30, 31] (Note: In these organisms,
DGCRS is called Pasha, partner of Drosha, or Pash-1).

Biochemical studies have dissected the substrate preference of DROSHA. A
study by Zeng et al. suggested that DROSHA has a strong preference for pre-
miRNA hairpins with large (>10 nucleotide) unstructured terminal loop sequences
[32]. However, Han et al. found that the loop sequence is dispensable for DROSHA
processing, and that synthetic “hairpins” in which the loop is replaced by an
extended duplex with open termini are easily processed [33]. Both studies identified
the importance of single-stranded RNA regions flanking the base of the lower stem
for recognition of the pre-miRNA by the Microprocessor complex [32, 33].
Thermodynamic analysis of hundreds of human and D. melanogaster pri-miRNA
hairpins revealed that the DROSHA cleavage site is typically ~11 nucleotides (~1
helical turn) from the sSRNA—dsRNA stem junction and ~22 nucleotides (~2 helical
turns) from the terminal loop, suggesting that DROSHA measures the distance from
either the base of the stem or the loop in order to determine the cleavage site.
Interestingly, pre-miR-30a does not effectively compete with pri-miR-30a, suggest-
ing that the major site of pri-miRNA recognition by DGCRS resides outside of the
pre-miRNA hairpin structure [33].

Structures of intact DROSHA are currently lacking, although the C-terminal
dsRBD has been solved by solution NMR [34]. This structure consists of the afppa
fold typical of dsRBDs (Fig. 2.1a). However, biochemical assays (EMSA and
immunoprecipitation with radiolabelled synthetic pri-miRNA) failed to show RNA
binding by DROSHA alone [33]. Furthermore, competition assays show that
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Fig. 2.1 Structures of DROSHA and DGCRS. (a) Domain structure of human DROSHA protein.
A depiction of a solution NMR structure of the dSRNA binding domain (dsRBD) is shown (2KHX)
[34]. (b) Domain structure of human DGCRS protein and depictions of available crystal structures
for the dimerization domain (3LE4) [36] and core domain (2YT4) [35]

processed pre-miRNAs rapidly dissociate from DGCRS, and that DROSHA exhib-
its low RNA binding activity [33]. As a result, it is likely that DGCRS8 docks with
the pri-miRNA by anchoring to the ssSRNA-dsRNA stem junction in order to locate
the cleavage site for DROSHA. DROSHA then associates with hairpin only tran-
siently in order to perform catalytic pri-miRNA cleavage [33].
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DGCRS consists of a core region containing two dsRBDs near the C-terminus
and a central WW motif which serves to mediate the interaction between DGCRS
and the proline-rich region within the N-terminal region of DROSHA. High-
resolution crystal structures have been published for both of these domains [35, 36]
(Fig. 2.1b). In the core domain structure (2.6 A resolution), the two dsRBDs form a
butterfly-like shape whereby the dsRBDs exhibit pseudo twofold symmetry [35].
Each dsRBD adopts an afppo fold structure. A C-terminal helix and a flexible
linker region act to bridge the two dsRBDs. Using FRET, the authors showed that
pri-miRNA binding is unlikely to induce large-scale changes in DGCRS8 conforma-
tion [35]. The structure of the dimerization domain (1.7 A resolution) shows that the
WW motif resides within a heme binding domain and forms a domain-swapped
dimer structure [36]. DGCRS has also been shown to bind to heme, which promotes
self-dimerization [37]. Furthermore, in the absence of heme, the heme binding
region inhibits the pri-miRNA processing activity of DGCRS, thereby acting as an
autoinhibitory domain [37].

XPOS5

The nuclear membrane which separates the nucleoplasm from the cytoplasm is
punctuated by nuclear pores. The nuclear pore complex is a multi-protein structure
that facilitates regulated trafficking of macromolecules through the nuclear pore.
While small molecules can passively diffuse between compartments, larger macro-
molecules (e.g. the pre-miRNA hairpin) require active transport.

In human cells, the Karyopherin XPOS5 (Exportin-5) [38] facilitates the transport
of pre-miRNA hairpins though the nuclear pore complex and into the cytoplasm in
a RAN-GTP-dependent manner [39—41]. XPOS5 binds to dsRNA in a sequence-
independent manner [41], but recognizes a minihelix motif that is common to pre-
miRNAs and several other substrates including tRNA, Y1 RNA and the adenoviral
VA1 RNA [42, 43]. Disruption of XPOS function by RNAA, inhibition with antibod-
ies or competition with VA1 RNA leads to a reduction in the levels of mature miR-
NAs [39-41, 44].

A common feature of the Exportins is that they take advantage of the gradient of
RAN-GTP that exists across the nuclear envelope. This gradient is the result of the
differential nucleocytoplasmic location of protein factors which regulate the GTP
binding status of RAN. Specifically, RANGAP1 (RanGAP, RAN-GTPase Activating
Protein) is cytoplasmic [45], and RCC1 (an RAN exchange factor) is nuclear [46].
In the nucleus, the XPOS5 forms a trimeric complex with its pre-miRNA cargo and
RAN-GTP. The complex is subsequently translocated through the nuclear pore
complex. Once in the cytoplasm, the GTP is hydrolyzed to GDP which induces a
conformational change in RAN with concomitant dissociation of the complex and
release of the pre-miRNA hairpin. Binding of XPOS5 to the pre-miRNA is dependent
on the binding of the RAN-GTP in complex with GTP, as determined by electropho-
retic mobility shift assay [40]. Furthermore, depletion of RAN-GTP by nuclear
microinjection of Ran-GAP in Xenopus oocytes also inhibited miRNA export [41].



20 T.C. Roberts

XPOS5 (Exportin-5)

miRNA ‘
miRNA*
RAN-GTP '

Fig. 2.2 Structure of XPOS5. Depiction of the XPOS5 (Exportin-5) structure. Structure (3A6P) [48]
and a cartoon schematic are shown side by side. XPOS5 protein is shown in white and RAN-GTP in
pink. The pre-miRNA hairpin is shown bound to XPOS5 with the 5’ strand in red and the 3’ strand
in blue. The loop sequence (not visible in the crystal structure) is in black

The major determinants of pre-miRNA recognition by XPOS5 are a helical stretch
(~16 base pairs) and 3’ terminal overhangs (produced by DROSHA processing)
[42,43,47]. As aresult, XPOS interacts with the majority of the pre-miRNA hairpin
(excluding the terminal loop). Interestingly, the binding of XPOS5 to a pre-miRNA
has the additional effect of reducing degradation of the hairpin in the nucleus [47].

A high-resolution (2.9 A) crystal structure of human XPO5 has been reported in
complex with a fragment of canine Ran-GTP and the pre-miR-30a hairpin [48]
(Fig. 2.2). XPOS5 comprises multiple HEAT repeats and forms an overall “baseball
mitt” shaped structure with Ran-GTP binding towards the top of the mitt. At the base
of the mitt is a tunnel-like structure. The pre-miRNA hairpin forms an A-form helix
that sits in the interior of the mitt (as if being held in the palm of the hand). The ter-
minal nucleotides are oriented towards the base of the mitt with the 3’ overhang
nucleotides inserted into the tunnel. The interior of the tunnel consists of several basic
residues which make a number of close contact hydrogen bonds and salt bridges to
the sugar-phosphate backbone of the overhang. Furthermore, an Arginine residue
sidechain (Arg602) acts to sterically inhibit the double-stranded portion of the pre-
miRNA from entering the tunnel. In silico modelling showed that a putative hairpin
with a 5" overhang would sterically clash with neighbouring HEAT repeat domains
[48]. These observations explain the selectivity of XPOS for cargo molecules with 3’
overhangs. In addition, the close contacts of XPOS5 with the terminal nucleotides also
explain why XPO5-bound pre-miRNAs are protected from nucleolytic degradation,
as the terminal nucleotides are shielded by the surrounding protein.

The remainder of hairpin stem makes numerous contacts with the basic surface
of the “mitt” interior [48]. This suggests that XPOS5 primarily interacts with the
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pre-miRNA hairpin via ionic interactions, which account for the sequence-
independence of cargo recognition by XPO5. In further support, high ionic strength
buffers promote dissociation of the pre-miRNA from XPOS5 [48].

DICER1

In the cytoplasm, the pre-miRNA hairpin is subjected to a second cleavage reaction
catalyzed by a second RNase III family member DICER1 (Dicer) which removes
the terminal loop sequence [49]. DICERI acts as a “molecular ruler” that cleaves
the duplex at a defined distance from the terminus. (Similarly, human DICER1 will
also progressively process long dsRNA molecules by cleaving ~22 nucleotide
duplex fragments sequentially from their termini [50]).

Accuracy of DICERI1 processing is important, as shifts in the site of cleavage
will generate mature miRNAs with non-canonical seed sequences. This will lead to
retargeting of the miRNA to a new set of mRNAs and/or potentially alter the strand
selection preference [51]. Such an eventuality would effectively diminish the cel-
lular concentration of correctly processed miRNAs and generate non-physiological
miRNA—target interactions—with both outcomes being potentially detrimental, or
at the very least wasteful, to the cell.

Dicer was initially discovered in Drosophila cell extracts where it was shown to
cleave long dsRNA substrates into ~22 nucleotide siRNA duplexes [26]. Additionally,
further studies showed that Dicer also generates mature miRNA species from let-7
precursors, thereby demonstrating its role in miRNA processing [52-54]. Genetic
ablation of Dicerl in mice is lethal at the early stages of embryonic development on
account of stem cell depletion [55]. (miRNAs are required for correct control of
stem cell division [56].)

Human DICERI1 is a ~218 kDa protein that is predominantly cytoplasmic and
colocalizes with the endoplasmic reticulum marker calreticulin [49]. DICER1 consists
of a number of conserved globular domains. The N-terminus of the protein contains
three helicase domains (HEL1, HEL2 and HEL2i). The central region contains the
platform domain and PAZ (Piwi/Argonaute/Zwille) domain. The PAZ domain is
important for recognizing the RNA termini of the substrate duplex [57]. The C-terminal
end contains a dsSRBD and two catalytic RNase III-like domains (RIIla and RIIIb)
[49]. As with DROSHA, the two RNase III domains (RIIIa and RIIIb) of DICER1 are
oriented in space such that they form an intramolecular dimer [58, 59]. As a result,
DICERI1 has a single catalytic centre at which both phosphodiester cleavage reactions
occur (one on each strand of the substrate duplex). This configuration is responsible
for the generation of the characteristic 2 nucleotide 3" overhangs [58—60].

Human DICERI requires the presence of Mg?** for substrate cleavage but not
binding, and catalytic activity is sensitive to ionic strength suggesting that electro-
static substrate—enzyme interactions are important for DICER1 functionality [49].
In contrast to D. melanogaster Dicer (Dcr-2) [61], human DICER1 does not require
ATP for RNA cleavage to occur [49, 50].
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There are currently no crystal structures of intact human DICERI available,
although a high-resolution (3.3 A) structure of an intact Dicer from the protozoan
Giardia intestinalis was published in 2006 [59]. This structure revealed that the
PAZ domain is separated from the catalytic site by ~65 A which corresponds with
the length of dsSRNA products (25-27 base pairs) generated by the G. intestinalis
Dicer. Deletion of the PAZ domain in G. intestinalis results in loss of the size speci-
ficity of cleavage products [62] suggesting that the PAZ domain is required for
molecular ruler functionality. Furthermore, the surface connecting the PAZ and
RNase III domains contains a number of positively charged amino acid residues
which, when substituted with alanine by site-directed mutagenesis, reduce the activ-
ity of Dicer [62]. These findings suggest that this region makes important electro-
static interactions between the substrate phosphodiester backbone and positively
charged surface residues.

Several studies have utilized electron microscopy in order to determine struc-
tures for human DICER1 [63—65]. Most notably, Lau et al. showed that human
DICERI forms an “L”-shaped structure, and mapped the known globular domain
structures to this general shape [65]. As such, the PAZ and platform domains were
found to be tightly associated at the head of the “L,” the RNase III domain was
located centrally, and the helical domains formed the base, or “arm” of the L shape.
Importantly, in the human DICERT1 structure, the PAZ-RNase I domain distance is
reduced relative to G. intestinalis, consistent with shorter human dsRNA cleavage
products and “molecular ruler” functionality [65]. Furthermore, the helicase
domains formed distinct lobes which the authors described as a “clamp” like struc-
ture. This configuration suggested that the substrate RNA duplex resides in a groove
that runs vertically along the “L” shape [65].

Studies on reconstituted Dicer in G. intestinalis led to the so-called 3’ counting
rule whereby the location of the Dicer cleavage event is determined by “counting”
~22 nucleotides along the duplex starting at the 3’ terminal nucleotide anchored in
the PAZ domain. However, it was subsequently shown in human cells that the phos-
phorylated 5’ terminus of the pre-miRNA hairpin is also anchored in a binding
pocket within the PAZ domain, and that a “5’ counting rule” predominates in
humans [66]. (Interestingly this binding pocket is not conserved in G. intestinalis.)
Additionally, a “loop counting rule” is also operative in human cells whereby
DICERI “counts back” from the loop (or bulged sequence) at the closed end of the
hairpin [67]. Consequently, human DICERI1 utilizes the 3 counting, 5’ counting,
and loop counting mechanisms in order to measure the length of the substrate
duplex and precisely determine the site of cleavage.

AGO2, RISC

Following DICER1 processing, the miRNA duplex is passed to the RNA Induced
Silencing Complex (RISC, or miRISC) and specifically to an Argonaute protein
which constitutes the core of the complex [68]. Subsequently, one strand of the
duplex is discarded to leave only a single-stranded mature ~23 nucleotide miRNA
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bound to RISC. RISC loading is asymmetric such that the Argonaute protein shows
a preference for the strand with the least thermodynamically stable (and therefore
most easily unwound) 5 terminus [69, 70]. However, loading is probabilistic, and
the opposite “passenger” strand (often denoted as miRNA*) may be incorporated in
a minority of cases. Furthermore, the termini of some miRNA duplexes are equally
stable, leading to a mixture of 5" arm- and 3’ arm-loaded RISC complexes.

The miRNA-loaded RISC complex is then able to scan the pool of cytoplasmic
mRNAs for potential complementary targets. miRNAs primarily target the 3’
untranslated region (UTR) regions of mRNAs where they typically bind with imper-
fect complementarity [71, 72]. It has been estimated that >60% of human protein-
coding transcripts have been under selective pressure to maintain miRNA binding
sites [73], suggesting that miRNA-mediated gene regulation is a widespread phe-
nomenon. The degree of miRNA-target base-pairing complementarity determines
the fate of the target transcript. Perfect complementarity leads to target cleavage via
the “slicer” activity of AGO2, analogous to small interfering RNA-induced RNAi
[74, 75]. Slicer cleavage occurs in the target mRNA at the intervening scissile phos-
phate group opposite to nucleotides 10 and 11 in the mature miRNA sequence. In
contrast, incomplete complementarity triggers mRNA silencing by distinct mecha-
nisms which may involve translational repression, slicer-independent mRNA degra-
dation and/or sequestration in cytoplasmic processing bodies (P-bodies) [76]. In
this case, there is typically complete complementarity between the seed region
(nucleotides 2—-8) and the target mRNA with scattered base-pairing and bulged
nucleotides in the remainder of the duplex [15]. Importantly, translational repres-
sion via sequestration in P-bodies is a reversible process suggesting that mRNAs
can be stored in a translationally inactive form and then released in response to cell
stress [77]. In humans, slicer-independent mechanisms of mRNA repression domi-
nate on account of the majority of miRNAs lacking complementarity with their
cognate targets around position 10/11. (The resulting bulge structure inhibits the
slicer activity of AGO2 [78].) A detailed discussion of the mechanisms of RISC-
mediated gene silencing is beyond the scope of this chapter and has been discussed
elsewhere [1, 17, 79-81].

miRNAs can exert complex, combinatorial control over gene expression as one
miRNA can target multiple mRNAs [82]. In this manner, one miRNA can target a
family of transcripts with related functions in order to regulate a cellular process.
For example, miR-29 family miRNAs repress a plethora of fibrosis-associated tran-
scripts (collagens, fibrillins, elastin, fibronectin, etc.) [4]. Down-regulation of miR-
29 is therefore often a feature of pathogenic fibrotic processes. On the other hand, a
typical mRNA 3’ UTR contains binding sites for multiple miRNAs. This enables
the transcript to integrate signals from different miRNAs, or to fine-tune expression
(with the expression of the transcript inversely proportional to the number of miR-
NAs which are regulating it).

Transfer of the processed miRNA duplex to an Argonaute protein is accom-
plished by the RISC-loading complex (RLC), which consists primarily of an
Argonaute protein, DICER1 (as discussed above) and TARBP2 (trans-activation
response (TAR) RNA Binding Protein, also known as TRBP) [64, 83]. The direct
association of DICERI with an Argonaute protein promotes the transfer of the
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miRNA duplex between the two proteins (TARBP2 also contributes to this process)
[83, 84]. It has been suggested that binding by TARBP2 may allow the siRNA inter-
mediate to stay associated with the RLC after release from DICERI1 and may also
help optimize the orientation of the siRNA for AGO2 loading [64]. Depletion of
TARBP?2 leads to a reduction in pre-miRNA processing [84], although TARBP?2 is
not required for DICER1 activity [83]. Instead, TARBP2 appears to be required for
recruitment of AGO2 to the DICER1-miRNA complex [83]. Complexes of human
DICER1 with TARBP2 [63] and with both TARBP2 and AGO2 have been solved by
electron microscopy [64]. These studies suggest that AGO2 contacts the C-terminal
region of DICER1, whereas TARBP?2 interacts with the DExH/D domain [64].

In humans, there are four Argonaute proteins (AGO1-4). These homologous
proteins appear to execute redundant functions in terms of miRNA-mediated gene
silencing and have similar preferences for endogenous miRNAs or exogenous syn-
thetic siRNAs [85]. Each Argonaute protein consists of four major domains:
N-terminal (N), PAZ, MID and PIWI [86]. However, only AGO2 can mediate target
mRNA “slicing” on account of an Asp-Glu-Asp-His (DEDH) catalytic tetrad at its
active site [87, 88]. AGO2 has thus been called “the catalytic engine of RNAi” [78,
85]. The miRNA/siRNA-AGO2 complex is a multiple turnover enzyme such that
after target cleavage, the loaded RISC complex can bind to another target and
thereby induce multiple further gene silencing events [74]. In contrast, AGOI,
AGO3 and AGO4, which lack the catalytic residues required for slicer functionality,
mediate gene silencing via slicer-independent mechanisms only [85].

Ago2 knockout mice exhibit embryonic lethality [85, 89, 90], and transgenic mice
that are homozygous for a catalytically deficient Ago2 die shortly after birth as a result
of anaemia [91]. The slicer activity of Ago2 is uniquely required for Dicer-independent
maturation of miR-451, an miRNA which is essential for haematopoiesis [91, 92].

In 2012, a high-resolution (2.3 A) crystal structure of full length human AGO2 in
complex with a heterogeneous mixture of guide RNAs was published by the McRae
lab that revealed new insights into its function [93] (Fig. 2.3). AGO2 forms a bilobu-
lar structure with a central groove which accommodates the mature miRNA-target
mRNA duplex. The first seven nucleotides are held in a well-defined, uniform con-
formation [93]. (The structure of AGO2 has also been likened to that of a duck, with
the MID, PIWI and N domains forming the “body” and the PAZ domain the “head”
of the “duck” [94].) AGO2 interacts with the guide RNA in a sequence-independent
manner on account of multiple electrostatic interactions with the phosphate
backbone and van der Waals interactions with the ribose sugar [93]. The guide RNA
adopts an A-form conformation with nucleotides 2—6 “splayed out” such that their
base-pairing surface is solvent accessible and available to interact with a target
mRNA [93]. The 3’ terminal nucleotide was found to bind in a pocket residing
within the PAZ domain. Interestingly, the guide RNA was found to kink after nucle-
otide 6, after which the A-form conformation of the guide was disrupted and the
remainder of the nucleotides were less well ordered [93]. These observations pro-
vide a structural basis for the importance of seed sequence base-pairing as the pri-
mary determinant of miRNA-target recognition [15, 95]. The AGO2 structure also
provided evidence of two tryptophan binding pockets within the PIWI domain
which are a likely docking site for other RISC cofactors such as TNRC6A [93].
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Human AGO2

Fig. 2.3 Structure of AGO2. Domain organization for human AGO2 and depiction of a crystal
structure of the full length protein (4OLA) [93]. The guide RNA is shown in purple (the middle
portion of the guide RNA was too disordered to be resolved)

Subsequently, a similar structure (2.2 A resolution) of human AGO2 in complex
with miR-20a was published [94]. This structure clearly showed that the miRNA
contacts multiple AGO2 subunits with the 5" miRNA terminus bound in a pocket
within the MID domain (consistent with previous studies [96, 97]) and that the 3’
terminal nucleotide bound in the PAZ domain [94]. Interestingly, this study also
showed that miRNA binding stabilizes AGO2 such that it becomes resistant to pro-
teolytic degradation [94].

A complete description of RISC components is currently lacking, although
immunoprecipitation-mass spectrometry studies have identified a multitude of
Argonaute-binding proteins [98—100]. Notably, a trinucleotide repeat containing
protein partner, TNRC6A (also known as GW182), is required for miRNA function
and is localized to P-bodies [100].

Conclusion

In summary, mature miRNAs are generated in a multi-step process requiring several
enzymatic cleavage reactions and multiple protein cofactors. Biochemical and
structural studies have revealed much of the mechanistic detail of how these
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proteins operate. However, a complete understanding of how the miRNAs are
loaded into the RISC complex, how RISC mediates gene silencing, and the regula-
tory control operating at each step is currently lacking. Future studies will likely
shed light on these issues and potentially reveal new details of disease miRNA-
associated pathophysiology, or improved methods for modulating miRNA function
for therapeutic purposes.
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Chapter 3
microRNAs in Mitochondria: An Unexplored
Niche

Pedro M. Borralho, Cecilia M.P. Rodrigues, and Clifford J. Steer

Abstract Mitochondria are pivotal organelles involved in the regulation of a myr-
iad of crucial biological processes, including cell survival and cell death, rendering
mitochondrial dysfunction a relevant step in numerous pathophysiological pro-
cesses. MicroRNAs (miRNAs) are endogenous small noncoding RNAs that add a
new layer of complexity to the control of gene expression. miRNAs function as
master regulators and fine-tuners of gene expression, primarily via posttranscrip-
tional mechanisms, and are increasingly demonstrated as a paramount class of
endogenous molecules with relevant diagnostic, prognostic, and therapeutic appli-
cations. miRNAs and other RNA interference have recently been reported to be
present in mitochondria from several species, and we are now beginning to unveil
mitochondrial miRNA transport mechanisms, biological function and targets to
ascertain their role in this unexplored niche. Here, we describe miRNA biogenesis
and present key findings regarding miRNA localization to mitochondria, origin,
putative biological function, and implications for human disease.
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Introduction

Mitochondria play a central role in the regulation of many vital cellular processes,
including, among others, cell viability, cell death, autophagy, energy metabolism,
and calcium trafficking. They are also key organelles for the maintenance of cellular
homeostasis, both in health and disease. Mitochondrial dysfunction or dysregula-
tion is associated with a wide spectrum of diseases, such as cardiomyopathies, met-
abolic syndrome, obesity, neurodegenerative diseases, and cancer [1]. Human
mitochondria harbor a ~16.6 kb circular intron-less genome, known as mitochon-
drial DNA (mtDNA), which encodes multiple noncoding RNAs, as well as 13 elec-
tron transport chain protein subunits. mtDNA replication and transcription initiate
within a small noncoding region termed the D loop, and appear to be primarily regu-
lated by proteins imported into mitochondria and expressed from nuclear genome
encoded genes [1, 2]. Interestingly, mtDNA transcription, translation, and also the
processing of transcripts is regulated by many types of noncoding RNAs, some of
which are encoded in the nuclear genome and imported into mitochondria, while
others are encoded in the mitochondrial genome [3]. Mitochondrial RNAs are tran-
scribed as long polycistronic precursor transcripts from both DNA strands, and sub-
sequently undergo bioprocessing that culminates in the release of coding and
noncoding RNAs, including mRNAs, tRNAs, and rRNAs [2].

MicroRNAs (miRNAs) are a growing class of endogenous noncoding RNAs,
which operate as master fine-tuners of genome-wide gene expression, primarily via
posttranscriptional mechanisms [4—7]. miRNAs have the capability to regulate the
expression of multiple target genes and also signaling pathways involved in key cel-
lular processes [5], including, among others, cell differentiation [8, 9], cell growth
and proliferation [10, 11], and apoptosis [10—12], as well as mitochondrial function
(reviewed in [3, 13—17]). Resulting from this pivotal role in the cellular environ-
ment, it is not surprising that deregulation of a single miRNA may result in the
malfunction of key cellular mechanisms, contributing to disease onset and/or pro-
gression. In result of this impact on the (de)regulation of health and disease, modu-
lation of miRNA expression and/or function has attracted growing interest as
therapeutic targets and tools in multiple disease processes, being increasingly dem-
onstrated as a relevant therapeutic strategy in human disease [7, 10, 12, 18].

miRNA Biogenesis and Mechanism(s) of Action

The discovery of miRNAs more than two decades ago, forged a novel and expanding
field of science. These small nucleic acids significantly impacted and altered our under-
standing of gene expression, expanding the intricacy and complexity of gene regula-
tion, while at the same time, providing a novel toolset for therapeutic intervention.
miRNAs were initially identified in the nematode C. elegans, where the gene regulat-
ing larval development timing, lin-4, was expressed as 22- and 61-nucleotide (nt) long
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small RNA transcripts, displaying complementarity to the 3’ untranslated region (3’
UTR) of lin-14. Importantly, it was shown that negative regulation of lin-14 resulted
from lin-4-mediated posttranscriptional regulation, which did not alter mRNA expres-
sion, but decreased lin-14 protein [19, 20]. This groundbreaking and paramount finding
remained unrecognized for many years, until the discovery of let-7 miRNA, which was
found to display complementarity to the 3" UTR of several genes [21]. Since then, a
massive research effort has exponentially increased our understanding of miRNA bio-
genesis and mechanisms of action, and significantly expanded our knowledge on the
influence of miRNAs in processes of both health and disease. These facts are translated
by the identification, to date, of 2588 mature miRNAs in humans, expressed from 1881
precursors. In addition, many more miRNAs were also identified in other organisms,
including mammals, worms, fish, and plants, bringing the global number of known
miRNAs to a total of 35,828 mature miRNA products expressed from 28,645 hairpin
precursor miRNAsS, in 223 species (www.miRbase.org; release 21, June 2014). It is
therefore not surprising that the initial prediction of miRNA posttranscriptional regula-
tion of over 30 % of human genes [22] is now recognized as a gross underestimate. In
fact, it has been suggested that miRNAs may indeed regulate over 60 % of human
genes [23]. This clearly highlights the intricacy of gene expression and its regulation,
in addition to also identifying a growing spectrum of therapeutic opportunities.
miRNAs are endogenously encoded single-stranded noncoding RNAs (ssRNAs)
22 nt in length, whose main function is to negatively regulate (silence) gene expres-
sion at the posttranscriptional level [24]. However, in certain instances, miRNAs
have also been reported to upregulate translation of certain proteins [25, 26].
Endogenously encoded miRNAs undergo several bioprocessing steps to generate a
mature and biologically functional miRNA, with the vast majority of miRNAs result-
ing from processing by the canonical miRNA biogenesis pathway (Fig. 3.1).
Nevertheless, a smaller number of miRNAs are produced by alternative miRNA bio-
genesis pathways, termed noncanonical pathways. These include miRtrons which
are miRNAs resulting from the bioprocessing of debranched introns mimicking the
structural features of pre-miRNAs, which enter the miRNA-processing pathway
without requiring Drosha-mediated cleavage [27]; and simtrons which are mirtron-
like miRNAs, splicing-independent entities which do not require canonical miRNA
components for their biogenesis [28]. The vast majority of miRNAs resulting from
the canonical pathway are transcribed by RNA polymerase II, originating a primary
miRNAs (pri-miRNAs), whose length can range from hundreds to thousands of
nucleotides. Similarly to mRNAs, pri-miRNAs are 5'-7-methyl-guanosine capped
and 3’-polyadenylated RNAs [29]. However, a small number of miRNAs found
interspersed among repetitive elements are transcribed by RNA polymerase III [30].
Pri-miRNAs often originate from intergenic regions, where the miRNA can alterna-
tively reside within an intron or exon of a noncoding transcript. Interestingly, many
mammalian miRNAs are found to reside within introns of protein-coding genes,
displaying a similar transcription pattern to that of the protein-coding gene [31, 32].
pri-miRNAs typically harbor a 33 base pair stem, a terminal loop that forms the
hairpin, and a flanking ssSRNA region [33]. Subsequent to their transcription, and
still within the nucleus, pri-miRNAs are subject to enzymatic cleavage mediated by
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Drosha (a RNAse III endonuclease), and its cofactor double-stranded RNA-
(dsRNA)-binding protein DiGeorge syndrome critical region gene 8 (DGCRS),
which together form a large protein complex, 650 kDa in size, termed microproces-
sor [34]. This enzymatic cleavage takes place at the stem of the hairpin structure,
and leads to the release of a double-stranded precursor miRNA (pre-miRNA) of
60-70 bp in length, with the mature miRNA sequence being located within one of
the arms of this hairpin RNA product. During the processing of pri-miRNA by the
microprocessor, DGCRS assists Drosha, functioning as a molecular anchor by bind-
ing to the stem of the pri-miRNA, allowing it to cleave the pri-miRNA at exactly 11 bp
from the stem to sSRNA junction. This elaborate bioprocessing gives rise to the

<
<

Fig. 3.1 miRNA transcription that proceeds via the canonical pathway is primarily mediated by
RNA polymerase II, giving rise to a 5'-capped, 3’-polyadenylated primary miRNA (pri-miRNA),
harboring hairpin stem-loop structure(s). Mature miRNAs originate from within one of the stem-
loop arms. After being transcribed, the pri-miRNA is then processed by the nuclear RNase III
endonuclease Drosha, producing a double-stranded hairpin structure, termed precursor miRNA
(pre-miRNA). Subsequently, these pre-miRNAs are actively exported into the cytoplasm, via the
Exportin-5 complex, where they are substrates of RNase III endonuclease Dicer. The pre-miRNA
is cleaved near the terminal loop of the hairpin, thus producing miRNA duplexes, which are sub-
sequently loaded onto miRNA-induced silencing complexes (miRISCs). This process is then fol-
lowed by unwinding of the duplex and strand selection, leading to the transfer of the mature
antisense miRNA (guide strand) to Argonaute (AGO) proteins in miRISC. Generally, the passen-
ger strand is rapidly degraded. After miRISC:mature miRNA assembly, the ~22 nt mature miRNA
is able to guide the miRISC assembly to target mRNAs, inducing their posttranscriptional silenc-
ing, either by translational repression and/or mRNA degradation. In the rare case of near or perfect
miRNA complementarity to the target mRNA, the transcript may also be endonucleolyticly
cleaved. Importantly, in addition to their well known cytoplasmic localization, mature miRNAs are
also present in additional subcellular compartments and organelles, including the mitochondria
and the nucleus. However, the mechanisms regulating the trafficking of miRNAs to and from
mitochondria are mostly unknown. Nevertheless, it is possible that the 3'/5" exoribonuclease and
poly-A polymerase, PNPASE, located in mitochondrial intermembrane space, or additional yet
unidentified proteins, may be involved in this process. It is well established that PNPASE was
shown to play a pivotal role in the import of small RNA components into the matrix. The biological
role(s) of mature miRNAs within mitochondria is yet to be firmly established. However, a
mitochondria-localized miRNA (mitomiR) (miR-1) was shown to enhance the translation of
mtDNA-encoded transcripts. This process requires specific miR:mRNA basepairing, AGO2, and
also detachment of AGO2 from its functional partner GW 182, which is excluded from mitochon-
dria. Nevertheless, the precise molecular mechanisms of miRNA/AGO2 complex leading to
enhanced mitochondrial translation remain unclear. It has been suggested that the three critical
requirements for converting miRNA-dependent translational repression to activation, include (a)
lack of the cap at 5’ end; (b) absence of a typical poly(A) tail at 3" end; and (c) detachment of
GW182 from Ago protein. The mitochondrion fulfills all three requirements, since mitochondrial
transcripts resemble mRNAs in prokaryotic cells, having no 5’ cap, long poly(A) tails, and no
evidence of GW182. There is also a growing interest in the putative mechanism(s) by which
mature miRNAs are imported back into the nucleus. Of note, importin 8 has been shown to physi-
cally associate with Ago2 in regulating the transport of mature miRNAs into the cell nucleus.
Importantly, in addition to mature miRNAs, pre-miRNA are also present in mitochondria, suggest-
ing that mitochondria may provide a platform allowing the assembly of signaling complexes
involved in the control of transcriptional repression, reinforcing the pivotal biological relevance of
this organelle in the regulation of health and disease
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production of pre-miRNAs [33], which are intermediate structures containing a 5’
phosphate and a 2-nt 3’ overhang [34, 35]. Interestingly, Drosha is also responsible
for the negative regulation of its cofactor DGCRS, by cleaving RNA hairpins within
one of the exons of DGCR8 mRNA. This relevant regulation clearly illustrates the
stricking effect of a miRNA hairpin located within an exon of a protein-coding
gene, where Drosha processing destabilizes the transcript, leading to downregula-
tion of protein synthesis. In addition, it suggested the ability to downregulate pro-
tein expression via a miRNA-independent and microprocessor-dependent mRNA
pathway [36].

Subsequent to its release from pri-miRNA, pre-miRNA is exported from the
nucleus to the cytoplasm primarily by exportin-5 (Exp5), a member of the nuclear
receptor family, and mediated by the recognition of the 2-nt 3’ overhang arising
from Drosha cleavage. Exp-5 binds its nuclear pre-miRNA cargo in a Ran guano-
sine triphosphate (Ran-GTP)-dependent manner, and following hydrolysis of GTP,
releases pre-miRNAs within the cytoplasm [37-39], where they are substrates for
the RNase III endonuclease Dicer. This bioprocessing step originates a miRNA
duplex resulting from Dicer-mediated cleavage near the terminal loop of the pre-
miRNA hairpin, at the opposite end from Drosha cleavage site [40]. miRNA
duplexes are subsequently loaded onto Argonaute (AGO) proteins, where in asso-
ciation with dsRNA-binding proteins, TAR (HIV trans-activator RNA) RNA-
binding protein (TRBP), and possibly the protein kinase R-activating protein
(PACT), form the RNA-induced silencing complex (RISC) [4, 41, 42].

Since miRNAs function as ssSRNA, unwinding of the miRNA duplex and strand
selection process must take place, thus allowing the final production of the func-
tional, mature, miRNA. During this process, one strand from the RNA duplex
remains bound to AGO as the mature miRNA (guide strand), while the other strand
(passenger strand) is usually removed and rapidly degraded [24]. The process of
strand selection is dependent on relative thermodynamic stability of the two strands
of the duplex intermediate [43, 44]. There are four Argonaute proteins in humans,
AGO1-4, which can bind miRNAs, and support their posttranscriptional gene regu-
lation. The catalytic component of RISC is AGO-2, also known as Slicer, which is
the only known human AGO capable of cleaving mRNAs [45]. miRNA-mediated
gene silencing occurs due the guidance of the RISC complex to target mRNAs
effected by mature miRNAs within miRISC, which in turn leads to their posttran-
scriptional silencing.

The key feature of target recognition in animals is the perfect, or near perfect,
base-pairing between the miRNA seed sequence (miRNA nucleotides at positions
2-7 on the miRNA 5’ end) and the miRNA target sites within 3’-UTR of mRNA
transcripts [5, 6, 46, 47]. Therefore, it is not surprising that one miRNA is predicted
to interact, and may in fact regulate, hundreds of different target genes, due to the
requirement for miRNA targeting being merely complementarity to a small number
of nucleotides [23, 48]. In mammals, miRNA-mediated gene silencing occurs due
to either translational repression and/or mRNA degradation as a result of miRNA
recognition, binding to target mRNA and degree of complementarity. When miRNA
silencing induces target mRNA degradation, it is not the result of AGO cleavage,
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but rather due to target mRNA deadenylation, decapping, and exonucleolytic degra-
dation [7, 46, 47]. This process is thought to occur in processing bodies (P-bodies),
and involves AGO, GW 182, and the cellular decapping and deadenylation machin-
ery, CCR4:NOT deadenylase and DCP1:DCP2 decapping complexes. P-bodies are
intracellular foci, where translationally inactive mRNAs are often stored and may
ultimately undergo decay. miRNAs, mRNA targets, and AGO proteins have all been
identified within these foci [46, 47, 49]. In the case of target mRINA endonucleolytic
cleavage, it may occur when the miRNA binds to its target mRNA with nearly per-
fect complementarity [5, 6, 50].

Recently, several reports have provided an additional layer of complexity to
miRNA function and subcellular localization. Somewhat unexpectedly, mature
miRNAs were detected not only in the cytoplasm, where they exert their traditional
biological function, but also in other subcellular organelles and compartments,
including mitochondria (Table 3.1) [2, 51-58], the nucleus [59, 60], and nucleolus
[61, 62]. This has significantly expanded our knowledge on microRNA biology,
further underscoring the potential relevance of miRNAs in the regulation of health
and disease.

Mitochondria-Localized miRNAs and Their Biological Role

Mitochondria are cellular organelles found in eukaryotic cells, which harbor their
own mtDNA. It is known that replication and transcription of mtDNA are regulated
by noncoding RNAs and proteins, expressed from both the nuclear and mitochon-
drial genomes. Interestingly, the mitochondrial genome only encodes for 13 pro-
teins, but up to 1500 proteins may be found in mitochondria [2, 63]. This discrepancy
in numbers clearly indicates that the vast majority of these proteins are imported
into mitochondria, following their synthesis in the cytoplasm [64]. In contrast, the
majority of noncoding RNAs present in mitochondria are encoded and expressed
from mtDNA [65]. Nevertheless, there is growing evidence to suggest that mito-
chondria also traffic multiple RNA species. In this regard, many relevant nuclear-
encoded RNAs are known to be imported into mitochondria, including
nuclear-encoded 5S rRNA [66], the most abundant RNA found in mitochondria,
tRNAs [67], and also the RNA components of RNAse MRP and RNAse P [68].
Further, mitochondria also export tRNAs encoded by mtDNA into the cytoplasm
[69], indicating that the process of RNA trafficking to and from mitochondria is
dynamic and bidirectional. Importantly, mitochondria are known to contain multi-
ple families of noncoding RNAs, including miRNA, snoRNA, snRNA, srpRNA,
piRNA, as well as repeat associated small RNAs [2, 55].

Multiple mechanisms have been described for protein import into mitochondria
[63, 70]. In this regard, understanding protein—protein interactions and their role in
mitochondrial function [71] will significantly contribute to understanding target gene
regulation by mitochondrial miRNAs (mitomiRs), and their impact on signaling
pathways. Over the last several years, the mechanisms regulating mitochondrial
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RNA trafficking are emerging [72—74], but not those specifically underlying miRNA
transport to and from mitochondria. In this regard, polynucleotide phosphorylase
(PNPASE), a 3’-to-5" exoribonuclease and poly-A polymerase located in the mito-
chondrial intermembrane space, appears to play a key role in the mitochondrial
import of small RNA components necessary for mtDNA replication and mtRNA
processing. In addition, PNPASE regulates mitochondrial homeostasis and adenine
nucleotide levels, at least partly by regulating RNA import, and via components of
the electron transport chain [72, 73]. Collectively, such studies may suggest that
PNPASE is involved in the trafficking of mitochondrial miRNAs, but does not
exclude the possible involvement of additional, yet unidentified, RNA transport
mechanisms. Interestingly, the identification of hundreds of mature miRNAs in the
cell nucleus raises the possibility of their potential involvement in the transcriptional
regulation of gene expression [59]. In this regard it is known that importin 8 physi-
cally associates with Ago2, regulating the nuclear import of mature miRNAs [75].
Therefore, the potential functional role(s) of mature miRNAs within the cell nucleus
has established a heretofore unrecognized regulation of gene expression [60, 76].

Mitochondria are organelles of pivotal relevance for cellular homeostasis, and
changes affecting mitochondria function may contribute to disease. For example,
mutations in mtDNA affecting mt-tRNAM*UUR) cause a rare neurodegenerative dis-
ease, termed MELAS syndrome, in which patient cybrid cells exhibit elevated lev-
els of oxidative stress [77]. In turn, oxidative stress was shown to mediate the
increased expression of miR-9/9%, leading to the posttranscriptional negative
regulation of mt-tRNA-modification enzymes GTPBP3, MTO1, and TRMU, which
contributes to the MELAS phenotype. This study demonstrated that mt-DNA dis-
ease can directly affect miRNA expression, where miR-9/9* was found to be a
crucial player in mitochondria-to-nucleus signaling. Most notably, miR-9/9* regu-
lates the expression of nuclear genes in response to changes in the functional state
of mitochondria.

Together with the wide number of existing nuclear- and mitochondrial-encoded
RNAs and proteins, mitochondria may represent a novel unexplored and extremely
relevant subcellular niche for miRNA-mediated gene regulation. In this regard,
RNAIi components were already found to localize to mitochondria. The first evidence
of such an event was provided almost a decade ago, with the identification of the
interaction of human Ago2 with mitochondrial tRNA™" [69]. In addition, Ago2 and
Ago3 were recently found to co-localize to mitochondria, adding to these initial
observations, and increasing the potential relevance of mitochondria as a novel sub-
cellular site for RNAi-mediated gene silencing [51, 53, 55]. AGO2 and Dicer were
also recently shown to be present, and enriched, in mitochondrial matrix and outer
mitochondrial membrane of mitochondria isolated from rat brain [57]. An additional
study in adult mouse heart, C2C12 myoblasts, and C2C12 myotubes also confirmed
that AGO2 was present in highly purified mitochondria and mitoplasm preparations.
Interestingly, neither AGO1 nor AGO3 was detectable in these preparations, suggest-
ing that AGO2 may be selectively imported into the mitochondria [58].
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Less than a decade ago, by using sequence analysis, small noncoding RNAs
were identified both in mitochondria and chloroplasts [78]. Since that initial report,
miRNAs were shown to be present in this novel subcellular niche, in studies using
mitochondria isolated from multiple organisms and sources, including rat liver [54],
cardiac myocytes [56], and hippocampus [57]; mouse liver [53], heart and C2C12
myoblasts and myotubes [58]; human skeletal primary muscle cells [52], and the
cancer cell lines Hela [51, 55], HEK293 [55], and 143B cells [2]. Interestingly,
precursor miRNAs have also been identified in mitochondria [52] (Fig. 3.1).

Currently, there is a growing interest in the identification of miRNAs in mito-
chondria and in exploring their roles in the (de)regulation of cellular homeostasis.
Highlighting these efforts, our laboratory has recently identified the presence of
nuclear-encoded mature miRNAs in highly purified and intact mitochondria iso-
lated from rat liver [54]. To allow the identification of such miRNAs, it was critical
to ensure the highest degree of purity in the isolated mitochondria, eliminating the
potential contamination arising from cytosolic components containing miRNAs,
such as endoplasmic reticulum, Golgi, and free ribosomes.

To address this critical concern, isolated and purified rat liver mitochondria were
carefully processed to ensure that they were devoid of contaminating RNAs from
the cytosol or other cellular organelles and compartments. This was achieved by
performing extensive purification steps coupled with the microarray detection of
mature miRNAs, followed by their validation by northern blot, which undoubtedly
confirmed the presence of mature miRNAs in highly purified mitochondria [54].
Our detailed methods for isolation of highly purified mitochondria and for the
coupled extraction of total RNA and protein are available, and may allow for down-
stream evaluation of miRNA and protein expression in mitochondria, thus increas-
ing the relevance of the experimental data [79].

Our initial efforts led to the identification of a unique profile of mature miRNAs
in isolated mitochondria, composed by 15 distinct microRNAs. To further under-
stand the provenance of such miRNAs, we performed functional analysis using
TargetScan, Miranda, and Ingenuity Pathway Analysis, which showed that these
miRNAs were not targeting mitochondrial genes nor nuclear RNAs encoding mito-
chondrial proteins. Rather, and perhaps not surprisingly, this analysis indicated that
mitochondria-associated miRNAs were involved in the regulation of crucial bio-
logical processes such as proliferation, differentiation, and apoptosis [54].
Subsequently, in the following year, an additional miRNA signature profile com-
prising 20 miRNAs was reported in intact mitochondria isolated from mouse liver
[53]. Most notably, the enrichment in these miRNAs was shown to be independent
of the total cellular miRNA abundance, suggesting that mitochondria, in fact, harbor
a characteristic and distinctive miRNA population, involved in the regulation of
mitochondria-specific, and also of general cellular functions. Interestingly, in silico
analysis performed by several target-predicting algorithms indicated that putative
targets of mitomiRs miR-705, miR-494, and miR-202-5p are related to mitochon-
drial specific functions, such as transcription factor A (Tfam) and tryptophanyl-
tRNA synthetase (WARS).
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Specifically, the first studies reporting the detection of mitochondrial miRNAs in
human cells occurred only recently, in mitochondria isolated from human skeletal
primary muscle cells [52] and HeLa cancer cell line [51]. In mitochondria isolated
from human skeletal muscle, 46 miRNAs were identified, and reported as being
potentially involved in myogenesis, inflammation, fibrosis, oncogenesis, and tumor
suppression. Importantly, these authors identified for the first time human precursor
miRNAs localized to mitochondria, since they were able to detect, and validate by
in situ hybridization and confocal microscopy, the mitochondrial localization of
pre-miR-302a and pre-miR-let-7a [52].

Importantly, in silico analysis of the putative targets of miR-302a and miR-let-7a
resulted in a wide number of sequences mapping to the mitochondrial genome, with
many of these sequences lying within mitochondrial regulatory genes. Interestingly,
several putative miRNA target genes displayed multiple miRNA recognition/target
sequences. In this regard, the gene ND6 was found to harbor 38 putative miRNA
target sites, which was twice as many as in the genes CYTB and ND1. Further,
additional genes, including COX1, ND4L, and ND4, also displayed multiple poten-
tial miRNA-binding sites, highlighting the potential relevance of miRNA gene
expression regulation in mitochondrial function. Furthermore, miRNA let-7b was
predicted to target several potential mitochondrial gene products, including ATP6,
ATPS, COX2, and NDS5, in addition to other let-7 family members, which also dis-
played putative targets. Collectively, certain miRNAs detected within mitochondria,
including let-7 family members (let-7b, c, d, e, f, i) and also miR-133a, could target
mitochondrial mRNAs, thus playing a role in the regulation of mitochondrial gene
expression [52].

Thirteen nuclear-encoded and highly abundant miRNAs were identified in mito-
chondria isolated from human HeLa cancer cells, in a separate, and confirmatory
study [51]. The detection of the miRNAs was performed following a rigorous mito-
chondria isolation protocol, which included RNAse A treatment of isolated mito-
chondria to remove possible contaminating miRNAs associated with or bound to
the outer mitochondrial membrane. Further, in silico analysis of the putative targets
of 4 of these 13 mitochondrial localized miRNAs, miR-328, miR-494, miR-513,
and miR-638, suggested their involvement in the regulation of mitochondrial
homeostasis.

Recently, deep sequencing analysis of RNA, extracted from mitochondria iso-
lated from 143B human osteosarcoma cells and treated with RNAse A to prevent
contamination from non-mitochondrial RNAs, provided an unprecedented knowl-
edge of the human mitochondrial transcriptome. This study showed that mitochon-
dria harbor 3 % of the whole-cell small RNA population, containing a diverse
population of small RNAs, including miRNAs [2]. Further, purified mitochondrial
RNA deep sequencing indicated that a large number of reads aligned only to the
nuclear genome, suggesting that these nuclear-encoded RNAs were subsequently
imported into mitochondria. Nevertheless, some concern was raised regarding
validity of this data, since a strong enrichment was found in genes associated with
protein translation, suggesting potential contamination with ribosomes attached to
the outer mitochondrial membrane. To address this potential problem, the authors
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compared RNA content from whole mitochondria with that of mitoplasts
(mitochondrial extracts devoid of outer mitochondrial membrane). Matched
sequencing of these RNA preparations demonstrated a selective depletion of
nuclear-encoded tRNAs and mRNAs in mitoplasts, suggesting that most of the
nuclear-encoded RNAs found in mitochondria were indeed associated with the
outer mitochondrial membrane, and not actually within this organelle. Importantly,
the miRNAs showing the highest enrichment in whole mitochondria preparations,
miR-146a, miR-103, and miR-16, also showed depletion in mitoplasts.

An additional study made use of RNA deep sequencing to evaluate small RNA
populations extracted from mitochondria isolated from HEK293 and HelLa human
cancer cells. Once again, the results confirmed the presence of unique small RNA
populations associated with mitochondria [55], while putative novel miRNAs from
unannotated small RNA sequences were characterized. In fact, this study demon-
strated association of 428 known and 196 putative novel miRNAs to mitochondria
of HEK?293 cells, and 327 known and 13 putative novel miRNAs to mitochondria of
HeLa cells. The in silico analysis of potential targets indicated that miRNAs associ-
ated with mitochondria may be involved in the regulation of critical cellular pro-
cesses in which mitochondria play significant roles, including apoptosis, cell cycle,
RNA turnover, and nucleotide metabolism. Further, in silico analysis to identify the
subcellular provenance of such miRNAs suggested that known miRNAs mapped to
mitochondrial genome, namely hsa-miR-4461, hsa-miR-4463, hsa-miR-4484, and
hsa-miR-4485, which aligned at positions corresponding to ND4L, ND5, L-ORF,
and 16S rRNA mitochondrial genes, respectively. Furthermore, this analysis also
indicated that seven putative novel miRNAs align to noncoding regions, tRNA, 12S
rRNA, and also to coding regions within ATP6, ND2, HVRI, COI, CytB, and ND1
genes [55]. Importantly, mitochondrial transcript targeting by miRNAs was already
experimentally validated in rat cardiac myocytes for miR-181c. Following translo-
cation to mitochondria, the nuclear-encoded miRNA was demonstrated to nega-
tively regulate the expression of cytochrome c oxidase subunit 1 (mt-coxl), a
mitochondrial-encoded gene [56]. A follow-up study recently evaluated the impact
of miR-181c in vivo administration in rats, using a miR-181c expression vector
packaged in lipid-based nanoparticles for systemic delivery [80]. The administra-
tion of this nanovector resulted in reduced exercise capacity, with signs of heart
failure, as a consequence of miR-181c targeting the 3’-end of mt-cox1.

The global expression of miRNAs localized in mitochondria, and also in the
cytosol, was recently evaluated using TagMan® RT-qPCR Array Rodent MicroRNA
Card A (V2.0). Using RNA extracted from rat hippocampus mitochondria, 285 out
of 381 miRNAs present in the Array, were detected in both mitochondria and cyto-
sol [57]. As expected, most of these miRNAs were much more abundant in the
cytosol compared to the mitochondrial niche. However, a subset of miRNAs were
found to be at least 1.5-fold more abundant in mitochondria, including mmu-
miR-741, mmu-miR-142-5p, mmu-miR-302a, mmu-miR-142-3p, rno-miR-339-3p,
mmu-miR-10a, mmu-miR-146a, mmu-miR-202-3p, mmu-miR-150, mmu-miR-
339-5p, and rno-miR-344-5p. Among these mitochondria-enriched miRNAs, miR-
142-5p, miR-142-3p, and miR-146a displayed significantly higher mitochondrial
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levels compared to levels in the cytosol, and this data was validated by TagMan®
single-tube RT-qPCR assays using rat hippocampal and rat cortical astrocyte, mito-
chondrial and cytosolic preparations. In addition, the relevance of mitochondria-
located miRNAs was also highlighted following the identification of altered
expression of hippocampal mitochondria-associated miRNAs after severe traumatic
brain injury (TBI). The authors induced TBI in rats, by surgical and controlled corti-
cal impact (CCI) injury. The hippocampus from both injured and naive animals was
collected 12 h post-injury, and processed for the detection of mitochondrial and
cytosolic miRNAs by TagMan® RT-qPCR Array. Interestingly, TBI reduced the lev-
els of most mitochondria-associated miRNAs, including the mitochondria-enriched
miRNAs miR-142-3p, miR-142-5p, and miR-146a, which in turn increased in the
cytosol. In contrast, the levels of several mitochondria-associated miRNAs were
found to increase following TBI, including miR-155 and miR-223, which are known
to play a role in inflammatory processes. This study showed dramatically that
mitochondria-localized miRNAs are dynamically regulated by disease and play an
important role in regulating the response to TBI [57].

Interestingly, not only do mitochondria harbor miRNAs within their mitoplasm,
but they may also constitute a platform of signaling complexes involved in the regu-
lation of transcriptional repression, thus significantly expanding the relevance of
mitochondria-localized miRNAs. In this regard, nuclear-encoded miRNAs are asso-
ciated with the outer mitochondrial membrane [2, 55], together with RNAi compo-
nents, Ago2, and Ago3 [51, 53, 55] (Fig. 3.1). Indeed, there may be an even more
critical function for miRNAs associated with the outer membrane of mitochondria
than within its space. To elucidate in detail mitochondria-localized miRNA
dynamics and their associated proteins in the various submitochondrial compart-
ments, further studies will be necessary to understand the full relevance of miRNAs
within this cellular niche. Interestingly, mitochondria are also known to interact
with P-bodies, involved in mRNA decay, storage, and RNA interference, including
miRNA-mediated effects [81, 82]. In addition, it was demonstrated that exposure to
carbonyl cyanide p-chlorophenylhydrazone, which dysregulates mitochondrial
function, leads to a significant decrease in miRNA-mediated activity, possibly by
interfering with RISC assembly in association with Ago2 delocalization from
P-bodies. It was also suggested that RNAi defects may be involved in pathologies
associated with mitochondrial deficiencies [82].

A recent study has extended the initial observation that miRNAs may positively
regulate translation [25, 26]. In this regard, miR-1, which is specifically induced
during myogenesis, was unexpectedly reported to efficiently enter mitochondria
where it stimulates, rather than represses, the translation of specific mitochondrial
genome-encoded transcripts. This process was shown to require specific miR:mRNA
base pairing and AGO2, but not GW 182, which was excluded from the mitochon-
dria [58]. These findings reveal a unique function of miRNAs in mitochondrial
translation, selectively activating mtDNA-encoded mRNAs. The findings suggest a
highly coordinated myogenic program via miR-1-mediated translational stimula-
tion in the mitochondria and repression in the cytoplasm, thus representing a new
mitochondrial regulatory pathway, and a potentially powerful approach to therapeu-
tically modulating mtDNA expression.



3 microRNAs in Mitochondria: An Unexplored Niche 45

Although many questions remain unanswered, it is now clearly established that
miRNAs and RISC complex proteins are associated with, and also localized within
mitochondria. Importantly, the final destination of these miRNAs may be key to
their biological function, which may include the regulation of mitochondria-
encoded mRNA or nuclear-encoded mRNA/protein complexes, and additional
heretofore unrecognized roles. In this regard, it is feasible to envision that miRNAs
associated to the outer membrane may putatively play a role in the regulation of
mRNA/protein levels at distant subcellular sites. The role of mitochondria extends
far beyond their function in energy metabolism, inflammation, or apoptosis [3, 16],
and the active cross talk of mitochondria with Golgi, nuclear membrane, and
P-bodies, highlights the relevance of miRNAs in both normal and pathological
conditions.

Mitochondria are extremely motile cellular organelles, whose dynamics carry
important biological impacts, and this is particularly relevant to neurons [83, 84].
Neurons are polarized, post-mitotic, and long-lived cells, displaying a small cell body,
branched dendrites, and a thin axon, which can be extremely long. Due to these unique
morphological features, neurons face several challenges to accomplish their energy
homeostasis, requiring specialized mechanisms to efficiently relocate mitochondria to
where energy is in high demand. Such subcellular location includes axonal branches
and synaptic terminals, which during neuronal development and in response to synap-
tic activity, undergo dynamic remodeling, resulting in significant alteration in the
dynamics of mitochondrial trafficking. Therefore, efficient regulation of mitochon-
drial trafficking and anchoring is essential to the recruitment and relocation of mito-
chondria within the cell, to quickly address changes in metabolic requirements, and
also to remove and replace aged and/or damaged mitochondria [84].

There is growing evidence suggesting that mitochondria are also transferred
between cells, via tunneling nanotubes and exosomes, thereby playing a role on
target cells [85-87]. Importantly, in highly heterogeneous, cross-resistant, and
radiorefractory cell populations, obtained by selection following exposure to anti-
cancer agents, the occurrence of a number of atypical recurrent cell types was
reported [88]. Interestingly, some of these resistant tumor cells displayed nuclear
encapsulation via mitochondrial aggregation in the nuclear perimeter in response to
cytostatic insults, which is thought to confer imperviousness to drugs, thus allowing
for long periods of dormancy, until nuclear eclosion. This phenomenon was corre-
lated with an increase in both intracellular and intercellular mitochondrial traffic as
well as with the uptake of free extracellular mitochondria.

Collectively, these key findings underscore the potential importance of mito-
chondrial miRNAs and their impact in numerous cell processes. In this regard,
mitochondria intracellular and intercellular dynamics may be biologically relevant,
since mitochondria are key regulators of cell survival and death, in addition to play-
ing important regulatory roles in signaling pathways elicited by alterations to
homeostasis [89]. Despite lacking experimental confirmation, it is conceivable that
following miRNA transport within or along with mitochondria, a local enrichment
in mitochondrial miRNAs may occur, which upon organelle damage may lead to the
release of mitochondrial miRNAs and RNAi proteins. In turn, this could lead to a
local shift in transcript targeting, which translates into a putative biological effect.
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Importantly, insults affecting organism homeostasis may alter organ, tissue, as well
as mitochondrial-associated miRNA expression. This is clearly illustrated by the
treatment of mice with streptozotocin, which induced mitochondria dysfunction and
type 1 diabetes, and also significantly altered the expression patterns of liver miR-
NAs, and mitochondria-associated miRNAs, suggesting the potential involvement
of miRNAs in mitochondrial dysfunction [53].

In addition, some mitomiRs are also involved in the regulation of cell aging and
in inflamm-aging, namely miR-146a, miR-34a, and miR-181a. Further, Ingenuity
Pathway Analysis of aging-related mitomiR targets suggested that several resident
mitochondrial proteins involved in energy metabolism, mitochondrial transport, and
apoptosis are targeted by such miRNAs. This negatively impacts on mitochondrial
function and function in aging cells, which may induce or contribute to the inflam-
matory response and to age-related diseases [90].

Interestingly, a new layer of complexity regarding mitochondria noncoding
RNAs is also emerging. In addition to mitochondrial miRNAs, a unique family of
mitochondrial long ncRNAs (ncmtRNAs) comprising sense and antisense mem-
bers, containing stem-loop structures, and also found in the cytosol and nucleus,
display differential expression from cancer to normal cells [91]. Normal proliferat-
ing cells express sense (SncmtRNA) and antisense (ASncmtRNA) transcripts, and
in contrast, tumor cells display downregulation of ASncmtRNAs, regardless of tis-
sue of origin. In addition, the functional significance of ASncmtRNAs in cancer
cells was confirmed by the demonstration that ASncmtRNAs knockdown induced
apoptotic cell death mediated by surviving inhibition in several tumor cell lines,
whereas it did not affect the viability of normal cells. Further, translational inhibi-
tion of surviving was found to possibly be mediated by microRNAs generated by
dicing of the double-stranded stem of the ASncmtRNAs. These results suggest that
the downregulation of ASncmtRNAs may be promising targets for cancer therapy,
and warrant further study.

Undoubtedly, mitomiRs, ncmtRNAs, and other mitochondrial noncoding RNAs
play relevant roles in the regulation of the fine balance between health and disease,
and it is of pivotal importance to fully understand what is the role of the mitochon-
drial niche in the universal language of “competing endogenous RNA” (ceRNA),
and how they putatively modulate the alphabet of microRNA response elements
(MREs) [92, 93].

Conclusions

Currently, there is an expanding body of evidence supporting the role of miRNAs in
mitochondria functional regulation. Somewhat unexpectedly, it is also becoming
increasingly clear that several distinct subcellular niches and compartments, includ-
ing mitochondria and the nucleus, are extremely relevant sites of miRNA action.
Notwithstanding, it remains unclear whether certain mitochondria-localized miR-
NAs are encoded by mtDNA or in nuclei and later imported into mitochondria.



3 microRNAs in Mitochondria: An Unexplored Niche 47

Nevertheless and despite their subcellular origin, the full biological and pathophysi-
ological implications of mitomiRs are incompletely explored, and beginning to
emerge. It is conceivable that mitochondria-localized miRNAs may function as post-
transcriptional regulators of the mitochondrial genome. Additional studies will
undoubtedly confirm whether the mitochondrial genome is a source, a target, or both
for miRNAs localized to mitochondria. Growing evidence suggests that the mito-
chondrial niche provides both a miRNA source and a regulatory target for
mitochondria-localized miRNAs. It will be interesting to ascertain if mitochondria
function as a storage and/or carrier for miRNAs and proteins, including RNAi regu-
latory proteins, localized at, or enclosed within, this organelle. In this regard,
mitochondria-associated proteins differ among cell type and tissue, depending on a
multitude of factors influencing the local environment, including energy and meta-
bolic requirements. In line with this notion, it is becoming increasingly evident that
mitochondria-localized miRNA may also be cell type-specific and regulated by intra-
cellular and extracellular environments. Extending our current knowledge base on
mitochondria miRNA transport/trafficking mechanisms will expand the relevance of
miRNAs in the (de)regulation of cellular homeostasis. Importantly, there is a press-
ing requirement for additional studies to fully elucidate the spectrum of mitochondria-
localized/associated miRNAs in health and disease, as well as to grasp the full extent
of their biological implications and impact, which will undoubtedly expand the
growing list of therapeutic targets for intervention.

References

1. Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell. 2012;148(6):1145—
59. PubMed.

2. Mercer TR, Neph S, Dinger ME, Crawford J, Smith MA, Shearwood AM, et al. The human
mitochondrial transcriptome. Cell. 2011;146(4):645-58. PubMed Pubmed Central PMCID:
3160626.

3. Tomasetti M, Neuzil J, Dong L. MicroRNAs as regulators of mitochondrial function: role in
cancer suppression. Biochim Biophys Acta. 2014;1840(4):1441-53. PubMed.

4. Graves P, Zeng Y. Biogenesis of mammalian microRNAs: a global view. Genomics Proteomics
Bioinformatics. 2012;10(5):239-45. PubMed.

5. Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of translational
repression and mRNA decay. Nat Rev Genet. 2011;12(2):99-110. PubMed.

6. Pasquinelli AE. MicroRNAs and their targets: recognition, regulation and an emerging recip-
rocal relationship. Nat Rev Genet. 2012;13(4):271-82. PubMed.

7. Pereira DM, Rodrigues PM, Borralho PM, Rodrigues CM. Delivering the promise of miRNA
cancer therapeutics. Drug Discov Today. 2013;18(5-6):282-9. PubMed.

8. Aranha MM, Santos DM, Sol4 S, Steer CJ, Rodrigues CM. miR-34a regulates mouse neural
stem cell differentiation. PLoS One. 2011;6(8):€21396. PubMed Pubmed Central PMCID:
3153928.

9. Aranha MM, Santos DM, Xavier JM, Low WC, Steer CJ, Sola S, et al. Apoptosis-associated
microRNAs are modulated in mouse, rat and human neural differentiation. BMC Genomics.
2010;11:514. PubMed Pubmed Central PMCID: 2997008.

10. Borralho PM, Kren BT, Castro RE, da Silva IB, Steer CJ, Rodrigues CM. MicroRNA-143
reduces viability and increases sensitivity to 5-fluorouracil in HCT116 human colorectal can-
cer cells. FEBS J. 2009;276(22):6689-700. PubMed.



48

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

P.M. Borralho et al.

Borralho PM, Simdes AE, Gomes SE, Lima RT, Carvalho T, Ferreira DM, et al. miR-143
overexpression impairs growth of human colon carcinoma xenografts in mice with induction
of apoptosis and inhibition of proliferation. PLoS One. 2011;6(8):e23787. PubMed Pubmed
Central PMCID: 3162002.

Castro RE, Ferreira DM, Afonso MB, Borralho PM, Machado MV, Cortez-Pinto H, et al. miR-
34a/SIRT1/p53 is suppressed by ursodeoxycholic acid in the rat liver and activated by disease
severity in human non-alcoholic fatty liver disease. J Hepatol. 2013;58(1):119-25. PubMed.
Bandiera S, Mategot R, Girard M, Demongeot J, Henrion-Caude A. MitomiRs delineating the
intracellular localization of microRNAs at mitochondria. Free Radic Biol Med. 2013;64:12-9.
PubMed.

Bienertova-Vasku J, Sana J, Slaby O. The role of microRNAs in mitochondria in cancer.
Cancer Lett. 2013;336(1):1-7. PubMed.

Li P, Jiao J, Gao G, Prabhakar BS. Control of mitochondrial activity by miRNAs. J Cell
Biochem. 2012;113(4):1104—10. PubMed Pubmed Central PMCID: 3325319.

Sripada L, Tomar D, Singh R. Mitochondria: one of the destinations of miRNAs. Mitochondrion.
2012;12(6):593-9. PubMed.

Duarte FV, Palmeira CM, Rolo AP. The role of microRNAs in mitochondria: small players
acting wide. Genes. 2014;5(4):865-86. PubMed Pubmed Central PMCID: 4276918.

Oberg AL, French AJ, Sarver AL, Subramanian S, Morlan BW, Riska SM, et al. miRNA
expression in colon polyps provides evidence for a multihit model of colon cancer. PLoS One.
2011;6(6):€20465. PubMed Pubmed Central PMCID: 3111419.

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(5):843-54. PubMed.
Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic gene lin-14
by lin-4 mediates temporal pattern formation in C. elegans. Cell. 1993;75(5):855-62. PubMed.
Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, et al. The
21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis elegans. Nature.
2000;403(6772):901-6. PubMed.

Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indi-
cates that thousands of human genes are microRNA targets. Cell. 2005;120(1):15-20. PubMed.
Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets
of microRNAs. Genome Res. 2009;19(1):92—-105. PubMed Pubmed Central PMCID: 2612969.
Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004;116(2):
281-97. PubMed.

Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation: microRNAs can up-
regulate translation. Science. 2007;318(5858):1931-4. PubMed.

Vasudevan S. Posttranscriptional upregulation by microRNAs. Wiley Interdiscip Rev RNA.
2012;3(3):311-30. PubMed.

Ruby JG, Jan CH, Bartel DP. Intronic microRNA precursors that bypass Drosha processing.
Nature. 2007;448(7149):83—6. PubMed Pubmed Central PMCID: 2475599.

Havens MA, Reich AA, Duelli DM, Hastings ML. Biogenesis of mammalian microRNAs by
a non-canonical processing pathway. Nucleic Acids Res. 2012;40(10):4626—40. PubMed
Pubmed Central PMCID: 3378869.

Cai X, Hagedorn CH, Cullen BR. Human microRNAs are processed from capped, polyadenyl-
ated transcripts that can also function as mRNAs. RNA. 2004;10(12):1957-66. PubMed
Pubmed Central PMCID: 1370684.

Borchert GM, Lanier W, Davidson BL. RNA polymerase III transcribes human microRNAs.
Nat Struct Mol Biol. 2006;13(12):1097-101. PubMed.

Baskerville S, Bartel DP. Microarray profiling of microRNAs reveals frequent coexpression
with neighboring miRNAs and host genes. RNA. 2005;11(3):241-7. PubMed Pubmed Central
PMCID: 1370713.

Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A. Identification of mammalian microRNA
host genes and transcription units. Genome Res. 2004;14(10A):1902-10. PubMed Pubmed
Central PMCID: 524413.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

microRNAs in Mitochondria: An Unexplored Niche 49

Han J, Lee Y, Yeom KH, Nam JW, Heo I, Rhee JK, et al. Molecular basis for the recognition
of primary microRNAs by the Drosha-DGCR8 complex. Cell. 2006;125(5):887-901. PubMed.
Gregory RI, Yan KP, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, et al. The micropro-
cessor complex mediates the genesis of microRNAs. Nature. 2004;432(7014):235-40. PubMed.
Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ. Processing of primary microRNAs
by the microprocessor complex. Nature. 2004;432(7014):231-5. PubMed.

Han J, Pedersen JS, Kwon SC, Belair CD, Kim YK, Yeom KH, et al. Posttranscriptional cross-
regulation between Drosha and DGCRS. Cell. 2009;136(1):75-84. PubMed Pubmed Central
PMCID: 2680683.

Bohnsack MT, Czaplinski K, Gorlich D. Exportin 5 is a RanGTP-dependent dsRNA-binding
protein that mediates nuclear export of pre-miRNAs. RNA. 2004;10(2):185-91. PubMed
Pubmed Central PMCID: 1370530.

Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear export of microRNA precur-
sors. Science. 2004;303(5654):95-8. PubMed.

YiR, Qin Y, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export of pre-microRNAs
and short hairpin RNAs. Genes Dev. 2003;17(24):3011-6. PubMed Pubmed Central PMCID:
305252.

Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate ribonuclease in the
initiation step of RNA interference. Nature. 2001;409(6818):363—6. PubMed.

Chendrimada TP, Gregory RI, Kumaraswamy E, Norman J, Cooch N, Nishikura K, et al.
TRBP recruits the Dicer complex to Ago2 for microRNA processing and gene silencing.
Nature. 2005;436(7051):740—4. PubMed Pubmed Central PMCID: 2944926.

Lee Y, Hur I, Park SY, Kim YK, Suh MR, Kim VN. The role of PACT in the RNA silencing
pathway. EMBO J. 2006;25(3):522-32. PubMed Pubmed Central PMCID: 1383527.
Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs exhibit strand bias.
Cell. 2003;115(2):209—-16. PubMed.

Schwarz DS, Hutvagner G, Du T, Xu Z, Aronin N, Zamore PD. Asymmetry in the assembly of
the RNAi enzyme complex. Cell. 2003;115(2):199-208. PubMed.

Peters L, Meister G. Argonaute proteins: mediators of RNA silencing. Mol Cell.
2007;26(5):611-23. PubMed.

Carthew RW, Sontheimer EJ. Origins and mechanisms of miRNAs and siRNAs. Cell.
2009;136(4):642-55. PubMed Pubmed Central PMCID: 2675692.

Liu X, Fortin K, Mourelatos Z. MicroRNAs: biogenesis and molecular functions. Brain Pathol.
2008;18(1):113-21. PubMed.

Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for microRNA genom-
ics. Nucleic Acids Res. 2008;36(Database issue):D154-8. PubMed Pubmed Central PMCID:
2238936.

Behm-Ansmant I, Rehwinkel J, Doerks T, Stark A, Bork P, Izaurralde E. mRNA degradation
by miRNAs and GW 182 requires both CCR4:NOT deadenylase and DCP1:DCP2 decapping
complexes. Genes Dev. 2006;20(14):1885-98. PubMed Pubmed Central PMCID: 1522082.
Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol Cell Biol.
2009;10(2):126-39. PubMed.

Bandiera S, Ruberg S, Girard M, Cagnard N, Hanein S, Chretien D, et al. Nuclear outsourcing
of RNA interference components to human mitochondria. PLoS One. 2011;6(6):e20746.
PubMed Pubmed Central PMCID: 3113838.

Barrey E, Saint-Auret G, Bonnamy B, Damas D, Boyer O, Gidrol X. Pre-microRNA and
mature microRNA in human mitochondria. PLoS One. 2011;6(5):e20220. PubMed Pubmed
Central PMCID: 3102686.

Bian Z, Li LM, Tang R, Hou DX, Chen X, Zhang CY, et al. Identification of mouse liver
mitochondria-associated miRNAs and their potential biological functions. Cell Res.
2010;20(9): 1076-8. PubMed.

Kren BT, Wong PY, Sarver A, Zhang X, Zeng Y, Steer CJ. MicroRNAs identified in highly
purified liver-derived mitochondria may play a role in apoptosis. RNA Biol. 2009;6(1):65-72.
PubMed Pubmed Central PMCID: 3972804.



50

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

P.M. Borralho et al.

Sripada L, Tomar D, Prajapati P, Singh R, Singh AK, Singh R. Systematic analysis of small
RNAs associated with human mitochondria by deep sequencing: detailed analysis of mito-
chondrial associated miRNA. PLoS One. 2012;7(9):e44873. PubMed Pubmed Central
PMCID: 3439422.

Das S, Ferlito M, Kent OA, Fox-Talbot K, Wang R, Liu D, et al. Nuclear miRNA regulates the
mitochondrial genome in the heart. Circ Res. 2012;110(12):1596-603. PubMed Pubmed
Central PMCID: 3390752.

Wang WX, Visavadiya NP, Pandya JD, Nelson PT, Sullivan PG, Springer JE. Mitochondria-
associated microRNAs in rat hippocampus following traumatic brain injury. Exp Neurol.
2015;265:84-93. PubMed Pubmed Central PMCID: 4346439.

Zhang X, Zuo X, Yang B, Li Z, Xue Y, Zhou Y, et al. MicroRNA directly enhances mitochon-
drial translation during muscle differentiation. Cell. 2014;158(3):607-19. PubMed Pubmed
Central PMCID: 4119298.

Park CW, Zeng Y, Zhang X, Subramanian S, Steer CJ. Mature microRNAs identified in highly
purified nuclei from HCTI116 colon cancer cells. RNA Biol. 2010;7(5):606—14. PubMed
Pubmed Central PMCID: 3073257.

Zisoulis DG, Kai ZS, Chang RK, Pasquinelli AE. Autoregulation of microRNA biogenesis by
let-7 and Argonaute. Nature. 2012;486(7404):541-4. PubMed Pubmed Central PMCID:
3387326.

Li ZF, Liang YM, Lau PN, Shen W, Wang DK, Cheung WT, et al. Dynamic localisation of
mature microRNAs in human nucleoli is influenced by exogenous genetic materials. PLoS
One. 2013;8(8):70869. PubMed Pubmed Central PMCID: 3735495.

Politz JC, Hogan EM, Pederson T. MicroRNAs with a nucleolar location. RNA. 2009;15(9):
1705-15. PubMed Pubmed Central PMCID: 2743059.

Herrmann JM, Longen S, Weckbecker D, Depuydt M. Biogenesis of mitochondrial proteins.
Adv Exp Med Biol. 2012;748:41-64. PubMed.

Neupert W, Herrmann JM. Translocation of proteins into mitochondria. Annu Rev Biochem.
2007;76:723—49. PubMed.

Entelis NS, Kolesnikova OA, Martin RP, Tarassov IA. RNA delivery into mitochondria. Adv
Drug Deliv Rev. 2001;49(1-2):199-215. PubMed.

Entelis NS, Kolesnikova OA, Dogan S, Martin RP, Tarassov IA. 5 S rRNA and tRNA import
into human mitochondria. Comparison of in vitro requirements. J Biol Chem. 2001;276(49):
45642-53. PubMed.

Alfonzo JD, Soll D. Mitochondrial tRNA import—the challenge to understand has just begun.
Biol Chem. 2009;390(8):717-22. PubMed.

Puranam RS, Attardi G. The RNase P associated with HeLLa cell mitochondria contains an
essential RNA component identical in sequence to that of the nuclear RNase P. Mol Cell Biol.
2001;21(2):548-61. PubMed Pubmed Central PMCID: 86618.

Maniataki E, Mourelatos Z. Human mitochondrial tRNAMet is exported to the cytoplasm and
associates with the Argonaute 2 protein. RNA. 2005;11(6):849-52. PubMed Pubmed Central
PMCID: 1370769.

Dudek J, Rehling P, van der Laan M. Mitochondrial protein import: common principles and
physiological networks. Biochim Biophys Acta. 2013;1833(2):274-85. PubMed.

Gu Z, Li J, Gao S, Gong M, Wang J, Xu H, et al. InterMitoBase: an annotated database and
analysis platform of protein-protein interactions for human mitochondria. BMC Genomics.
2011;12:335. PubMed Pubmed Central PMCID: 3142533.

Wang G, Chen HW, Oktay Y, Zhang J, Allen EL, Smith GM, et al. PNPASE regulates RNA
import into mitochondria. Cell. 2010;142(3):456—67. PubMed Pubmed Central PMCID:
2921675.

Wang G, Shimada E, Koehler CM, Teitell MA. PNPASE and RNA trafficking into mitochon-
dria. Biochim Biophys Acta. 2012;1819(9-10):998-1007. PubMed Pubmed Central PMCID:
3267854.

Wang G, Shimada E, Zhang J, Hong JS, Smith GM, Teitell MA, et al. Correcting human mito-
chondrial mutations with targeted RNA import. Proc Natl Acad Sci U S A. 2012;109(13):4840—
5. PubMed Pubmed Central PMCID: 3323963.



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

microRNAs in Mitochondria: An Unexplored Niche 51

WeiY, Li L, Wang D, Zhang CY, Zen K. Importin 8 regulates the transport of mature microR-
NAs into the cell nucleus. J Biol Chem. 2014;289(15):10270-5. PubMed Pubmed Central
PMCID: 4036152.

Salmanidis M, Pillman K, Goodall G, Bracken C. Direct transcriptional regulation by nuclear
microRNAs. Int J Biochem Cell Biol. 2014;54:304—11. PubMed.

Meseguer S, Martinez-Zamora A, Garcia-Arumi E, Andreu AL, Armengod ME. The ROS-
sensitive microRNA-9/9* controls the expression of mitochondrial tRNA-modifying enzymes
and is involved in the molecular mechanism of MELAS syndrome. Hum Mol Genet.
2015;24(1): 167-84. PubMed.

Lung B, Zemann A, Madej MJ, Schuelke M, Techritz S, Ruf S, et al. Identification of small
non-coding RNAs from mitochondria and chloroplasts. Nucleic Acids Res. 2006;34(14):3842—
52. PubMed Pubmed Central PMCID: 1557801.

Borralho PM, Steer CJ, Rodrigues CM. Isolation of mitochondria from liver and extraction of
total RNA and protein: analyses of microRNA and protein expressions. Methods Mol Biol.
2015;1241:9-22. PubMed.

Das S, Bedja D, Campbell N, Dunkerly B, Chenna V, Maitra A, et al. MiR-181c regulates the
mitochondrial genome, bioenergetics, and propensity for heart failure in vivo. PLoS One.
2014;9(5):€96820. PubMed Pubmed Central PMCID: 4014556.

Ernoult-Lange M, Benard M, Kress M, Weil D. P-bodies and mitochondria: which place in
RNA interference? Biochimie. 2012;94(7):1572-7. PubMed.

Huang L, Mollet S, Souquere S, Le Roy F, Ernoult-Lange M, Pierron G, et al. Mitochondria
associate with P-bodies and modulate microRNA-mediated RNA interference. J Biol Chem.
2011;286(27):24219-30. PubMed Pubmed Central PMCID: 3129203.

Du H, Guo L, Yan S, Sosunov AA, McKhann GM, Yan SS. Early deficits in synaptic mito-
chondria in an Alzheimer’s disease mouse model. Proc Natl Acad Sci U S A.
2010;107(43):18670-5. PubMed Pubmed Central PMCID: 2972922.

Sheng ZH. Mitochondrial trafficking and anchoring in neurons: new insight and implications.
J Cell Biol. 2014;204(7):1087-98. PubMed Pubmed Central PMCID: 3971748.

Ahmad T, Mukherjee S, Pattnaik B, Kumar M, Singh S, Kumar M, et al. Mirol regulates
intercellular mitochondrial transport & enhances mesenchymal stem cell rescue efficacy.
EMBO J. 2014;33(9):994-1010. PubMed Pubmed Central PMCID: 4193933.

Lou E, Fujisawa S, Morozov A, Barlas A, Romin Y, Dogan Y, et al. Tunneling nanotubes pro-
vide a unique conduit for intercellular transfer of cellular contents in human malignant pleural
mesothelioma. PLoS One. 2012;7(3):e33093. PubMed Pubmed Central PMCID: 3302868.
Spees JL, Olson SD, Whitney MJ, Prockop DJ. Mitochondrial transfer between cells can res-
cue aerobic respiration. Proc Natl Acad Sci U S A. 2006;103(5):1283-8. PubMed Pubmed
Central PMCID: 1345715.

Diaz-Carballo D, Gustmann S, Jastrow H, Acikelli AH, Dammann P, Klein J, et al. Atypical
cell populations associated with acquired resistance to cytostatics and cancer stem cell fea-
tures: the role of mitochondria in nuclear encapsulation. DNA Cell Biol. 2014;33(11):749-74.
PubMed Pubmed Central PMCID: 4216482.

Galluzzi L, Kepp O, Kroemer G. Mitochondria: master regulators of danger signalling. Nat
Rev Mol Cell Biol. 2012;13(12):780-8. PubMed.

Rippo MR, Olivieri F, Monsurro V, Prattichizzo F, Albertini MC, Procopio AD. MitomiRs in
human inflamm-aging: a hypothesis involving miR-181a, miR-34a and miR-146a. Exp
Gerontol. 2014;56:154—63. PubMed.

Vidaurre S, Fitzpatrick C, Burzio VA, Briones M, Villota C, Villegas J, et al. Down-regulation
of the antisense mitochondrial non-coding RNAs (ncRNAs) is a unique vulnerability of cancer
cells and a potential target for cancer therapy. J Biol Chem. 2014;289(39):27182-98. PubMed
Pubmed Central PMCID: 4175353.

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: the Rosetta Stone of
ahidden RNA language? Cell. 2011;146(3):353—8. PubMed Pubmed Central PMCID: 3235919.
Yuan Y, Liu B, Xie P, Zhang MQ, Li Y, Xie Z, et al. Model-guided quantitative analysis of
microRNA-mediated regulation on competing endogenous RNAs using a synthetic gene cir-
cuit. Proc Natl Acad Sci U S A. 2015;112(10):3158-63. PubMed.



Chapter 4

microRNAs Distinctively Regulate Vascular
Smooth Muscle and Endothelial Cells:
Functional Implications in Angiogenesis,
Atherosclerosis, and In-Stent Restenosis

Gaetano Santulli

Abstract Endothelial cells (EC) and vascular smooth muscle cells (VSMC) are the
main cell types within the vasculature. We describe here how microRNAs (miRs)—
noncoding RNAs that can regulate gene expression via translational repression and/
or post-transcriptional degradation—distinctively modulate EC and VSMC func-
tion in physiology and disease. In particular, the specific roles of miR-126 and miR-
143/145, master regulators of EC and VSMC function, respectively, are deeply
explored. We also describe the mechanistic role of miRs in the regulation of the
pathophysiology of key cardiovascular processes including angiogenesis, athero-
sclerosis, and in-stent restenosis post-angioplasty. Drawbacks of currently available
therapeutic options are discussed, pointing at the challenges and potential clinical
opportunities provided by miR-based treatments.

Keywords Endothelium ¢ Restenosis © VSMC ¢ Neointima * Stent ¢ DES e
Circulation * Thrombosis ®* miR-126 ¢ miR-143/145 « Diabetes * Myocardin
Myoregulin * Atherosclerosis * Angiogenesis * Inflammation * Angioplasty

Introduction

Endothelial cells (EC) and vascular smooth muscle cells (VSMC) constitute the
main cell types within the vasculature [1, 2]. The endothelium forms the inner thin
layer that represents an interface between circulating fluid in the lumen and the rest
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of the vessel wall. The endothelial monolayer lines the entire circulatory system,
from the smallest capillaries to the heart [3]. The main functions of EC include
regulation of vascular tone, fluid filtration, neutrophil recruitment, hormone traf-
ficking, and hemostasis [4—6].

VSMC are able to contract or relax in response to various stimuli, and are thereby
responsible for the redistribution of the blood within the body to areas where it is
needed, including tissues with temporarily enhanced oxygen consumption [7-11].
Their main function is to regulate the caliber of the blood vessels: excessive vaso-
constriction might lead to hypertension, whereas excessive vasodilation can induce
hypotension (as in shock) [12, 13].

Coding or Noncoding: Whether “Tis Nobler in the Mind
to Suffer...”

MicroRNAs (miRs) are small, generally noncoding RNAs, that regulate gene
expression via post-transcriptional degradation or translational repression [14].
Unquestionably, miRs are fundamental regulators of numerous biological pro-
cesses. See Chaps. 1 and 2 of this book for more detailed information on biological
aspects of miRs.

More than 30,000 mature miR products have been identified (~200 in the
human genome), and the number of published miR sequences continues to
increase rapidly [15].

Importantly, some transcripts that originally appeared to be IncRNAs may actu-
ally encode micropeptides. For instance, a conserved micropeptide, named myor-
egulin, encoded by RNA that had been misannotated as noncoding, has been
recently identified by Eric Olson [16]. The fact that putative noncoding RNA may
actually harbor hidden micropeptides had been recently suggested by genome-wide
analyses [17].

Consequently, scanning the microproteome embedded in “noncoding RNA,”
whose coding capacity has been somehow ignored in gene annotations [18, 19], will
certainly represent a main field of research in the next future, revisiting previously
established annotations of noncoding RNAs and hopefully leading to the discovery
of new mechanistically important micropeptides.

Fine Tuning of Vascular Biology via MicroRNA

Vascular endothelium plays a key role in regulating )vessel biology and homeostasis.
Alteration of its function can be the basis of cardiovascular disorders including hyper-
tension, atherosclerosis, and impairment of the angiogenetic processes [20-22].
Several events are involved in angiogenesis, including EC division, selective degrada-
tion of the basal membrane, and the surrounding extracellular matrix, with the subse-
quent EC migration with the formation of neovessels [7].


http://dx.doi.org/10.1007/978-3-319-22380-3_1
http://dx.doi.org/10.1007/978-3-319-22380-3_2

4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 55

Similar events take place during embryogenesis, however in this context blood
vessels are generated from the differentiation of EC precursors, the angioblasts,
which associate to eventually form primitive vessels in a process known as vasculo-
genesis [23]. Endothelial maturation is finely guided by signals from other cell
types [23]. Indeed, development of the vascular architecture involves the strict asso-
ciation between EC and mural cells, including VSMC and pericytes [24]. Under
physiological conditions, the communication between these cell types leads to the
maturation and stabilization of the vessel. These processes involve the action of dif-
ferent growth factors and heterotypic cellular interactions [25].

miR-143/145 vs. miR-126, Master Regulators of VSMC
and EC Function

miR-143/145

A major advance in the smooth muscle) biology field occurred with the report of the
essential role of a bicistrionic unit encoding for miR-143 and miR-145 in the regula-
tion of smooth muscle physiology [26—41]. The miR-143/145 gene is located on
chromosome 5 in humans and chromosome 18 in mice and rats. miR-143 and miR-
145 are distinct in sequence, yet transcribed together as one primary cluster. Being
controlled by serum response factor (together with myocardin) and Nkx2.5, expres-
sion of miR-143/145 seems to occur primarily in VSMCs and is critical for main-
taining their contractile phenotype [2, 26]. Its expression pattern correlates with a
differentiated phenotype as defined by alpha-smooth muscle actin, smooth muscle
myosin heavy chain, and calponin expression [39, 42, 43].

The joint suppression of specific target mRNAs by miR-143/145 contributes to a
contractile phenotype, as demonstrated in mice with genetic deficiency of miR-
143/145, which display reduced vascular tone and blood pressure control [44]. miR-
143/1457- mice also have a tendency to develop neointimal lesions. Aortic VSMCs
from the double knockout mouse lack myofilamentous cytoskeletal organization
and have diffuse actin staining. A proteomic analysis of aortas from global miR-
143/1457- mice revealed angiotensin-converting enzyme (ACE-1) as a target of the
miR-143/145 cluster. Strikingly, pharmacological inhibition by ACE inhibitors or
angiotensin 1 receptor blockers partially reverses vascular dysfunction normalizing
gene expression in miR-143/145~"~ mice [45].

At the ultrastructural electron microscopic analysis, miR-143/145-deficient
VSMC exhibit show greater presence of rough endoplasmic reticulum and less focal
adhesions compared with wild-type cells. These differences have been associated
with impaired contractility of femoral artery rings in response to angiotensin II and
phenylephrine. Of note, the functional relevance of miR-143/145 in human vessel
pathology had been suggested by the observed downregulation of the miR-143/145
cluster in human aortic aneurysms compared with normal aortic tissue [46].
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As mentioned above, the cardiac muscle- and smooth muscle-specific transcrip-
tional factor myocardin has been shown to up-regulate miR-143/145 expression [47,
48]. Similarly, the introduction of miR-143/145 potentiates myocardin-induced
smooth muscle marker gene expression, calcium fluxes, and myofilament formation
in response to endothelin-1. The repressor of myocardin-directed smooth muscle gene
expression KLF4, which binds myocardin, has been identified as a potential target of
miR-145 in murine VSMC [29]. However, human KLF4 mRNA contains no binding
site for miR-143 and only a low-probability site for miR-145, whereas KLLFS (which
has protein sequences highly conserved across human, mouse, and rat) contains a
binding site for miR-145. In vivo experiments revealed that vascular injury causes
downregulation of miR-145, which up-regulates KLF5 and inhibits myocardin, lead-
ing to VSMC dedifferentiation and increased neointimal lesion formation [26, 49].
Notably, PDGF receptor a, fascin, and protein kinase C &, essential regulators of
podosome formation, were revealed as direct targets of miR-143 and miR-145 [50].

Various reports revealed that cells can release miRs which can then exert their spe-
cific effects by modulating processes in recipient cells. Thus, miRs have intercellular
signal transduction capabilities. Most recently, Climent and colleagues elegantly dem-
onstrated that VSMC communicate with EC via miR-143 and miR-145: cell-to-cell
VSMC/EC contacts induce the activation of miR-143/145 transcription in VSMC, pro-
moting the transfer of these miRNAs to the endothelium [51]. In particular, VSMC can
deliver miR-143/145 to EC via fine intercellular tubes, named membrane nanotubes or
tunneling nanotubes [51]. Indeed, the level of miR-143/145, but not that of its precursor
molecule (pri-miR-143/145), rose substantially in EC when these cells were cultured
together with VSMC. A specific molecular pathway has been elucidated, in which
secretion of transforming growth factor-f by EC stimulates the transfer of miR-143/145
from VSMC to EC, where VSMC-derived miR-143/145 represses hexokinase II and
integrin 8 and thereby the angiogenic potential of the recipient cell [51]. Notably, the
expression of miR-143/145 in EC could not be achieved by the simple transfer of con-
ditioned medium or VSMC-derived exosomes and was not sensitive to gap junction
uncoupling agents (both exosomes and gap junctions had been reported as potential
routes for intercellular transfer of miRs). Instead, the transfer of miR-143/145 was
sensitive to latrunculin A, an inhibitor of the formation of tunneling nanotubes, tiny
membrane connections that cultured cells form among each other. The intercellular
transfer of miRs through tunneling nanotubes had been previously reported in ovarian
cancer [52]. High-resolution imaging allowed the direct visualization of tunneling
nanotubes between EC and VSMC and the transport of miRs within them [51].

miR-126

miR-126 is encoded by )intron 7 of the EGF-like domain 7 (EGFL7) gene, a.k.a. vas-
cular endothelial-statin (VE-statin), which is under the transcriptional control of the
E-26 family of transcription factors ETS1/2 [53—65]. In resting conditions, ETS1 is
expressed at a very low level whereas during angiogenesis or re-endothelialization, it
is transiently expressed at high levels. During replicative senescence an increased
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expression of ETS1 could induce the increasing of miR-126 expression. Interestingly,
one of the main targets of mir-126 is the host gene EGFL7, which regulates the proper
spatial organization of ECs within each sprout and influences their collective move-
ment. The cardiovascular phenotype of EGFL7-deficient mice is recapitulated by the
ablation of miR-126, causing ruptured blood vessels, multifocal hemorrhages, and
systemic edema (~40 % of mir-126 KO mice die embryonically) [57].

miR-126 has been extensively studied in plasma and circulating cells because its
expression is very high in EC [2], endothelial progenitor cells (EPCs), and platelets
[59, 66-80]. Most recently, miR-126 has been identified as an efficient marker in the
detection and purification of EC [81]. This miR plays a critical role in modulating
vascular development and homeostasis, targeting specific mRNAs including the
Sprouty-related protein 1 (SPRED-1), CXCL12, SDF-1, and phosphoinositol-3
kinase regulatory subunit 2 (PIK3R?2) [82—87]. Confirming its key role in maintain-
ing vascular integrity, amidst the other targets of miR-126 there is a key mediator of
leukocyte adhesion and inflammation: vascular cell adhesion molecule 1 (VCAM-
1). miR-126 has also been related with the endothelial dysfunction associated with
the development of diabetes and its complications [88].

Circulating miR-126 acts as an intercellular messenger mainly released by EC
and internalized primarily by monocytes and VSMC [57]. Its transfer modulation
may be an important strategy to prevent or delay endothelial dysfunction [88-92].
A significant increase in circulating miR-126 has been detected in patients with
acute myocardial infarction and angina whereas miR-126 downregulation has been
reported in plasma from patients with diabetes, heart failure, or cancer [14]. Hence,
circulating miR-126 can be modulated by diverse stimuli inducing dissimilar cel-
lular fates in different cell types [60, 85, 93-97]. Most recently, Italian researchers
demonstrated that circulating miR-126-3p (see Chap. 1 for miR nomenclature) can
be considered a biomarker of physiological endothelial senescence in normoglyce-
mic elderly subjects and appears to underlie a mechanism that may be disrupted in
aged diabetic patients [98]. Intriguingly, diabetes mellitus leads to dysregulated
activation of ETS, which blocks the functional activity of progenitor cells and their
commitment toward the endothelial cell lineage [99].

The Phenotypic Switch of Vascular Smooth Muscle Cells:
A Key Event in Atherosclerosis and Restenosis

VSMC can modulate their phenotype) in response to the environmental stimuli via
a process characterized by decreased gene expression of VSMC contractile markers
and increased proliferation, migration, and matrix synthesis [100]. Such a pheno-
typic switch represents one of the main cellular events underlying various VSMC-
related pathological conditions, including hypertension, atherosclerosis,
post-angioplasty restenosis, and angiogenesis. Unraveling the mechanisms involved
in VSMC phenotypic switch is an important step toward better understanding the
pathophysiology of these disorders and ultimately designing therapeutic agents for
their treatment and prevention.
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The switch between the contractile (differentiated, quiescent) and synthetic
(dedifferentiated, proliferative) VSMC phenotypes are orchestrated via a synergis-
tic molecular regulatory network. Overall, contractile smooth muscle proteins con-
tain an evolutionarily conserved cis-elements, the CArG box (CC(A/T)sGG) in the
promoter—enhancer region of the gene. This has been demonstrated for a-smooth
muscle actin, desmin, smooth muscle myosin heavy chain, SM22-«, and calponin.

The serum response factor (SRF), a ubiquitously expressed transcription factor,
binds the CArG box driving transcription. The interaction between SRF and CArG
boxes in response to environmental changes is generally coordinated by the interac-
tion of SRF with additional transcription factors, divided in co-activators (myocar-
din, PRX1, and GATA factors) and co-repressors (ELK-1, KLF4, YY1, and Foxo
factors).

Virtually all of the VSMC-specific contractile protein genes alongside with many
other genes involved in migration, proliferation, and extracellular matrix production
during the process of VSMC phenotypic switch, containing CArG boxes within
their promoters. The balance between those positive and negative SRF cofactors
finely regulates the dynamic VSMC gene expression in response to environmental
signals. Amidst these regulatory components, myocardin, which binds SRF in a 1:2
stoichiometric ratio inducing CArG-dependent VSMC gene transcription, is widely
considered to be the master gene regulating VSMC differentiation.

The TGF-f and bone morphogenetic proteins (BMPs) also contribute to VSMC
phenotypic switch by promoting VSMC contractility enhancing the expression of
the contractile apparatus [101]. In particular, TGF-p superfamily of growth factors
triggers VSMC differentiation by post-transcriptionally increasing the expression
of a subset of miRs including miR-21. Treatment of VSMC with TGF-$ and BMP4
results in change in the expression of miRs, by finely regulating DROSHA complex
[102].

Intriguingly, the TGF-f signaling pathway is also under the control of miRs.
Other studies demonstrated that the inhibition of miR-26a promote VSMC apoptosis
and phenotypic switch to a contractile status while inhibiting proliferation and migra-
tion [103]. Intriguingly, miR-24 is involved into both TGF-f and PDGF-BB signal-
ing pathways, which respectively represent the distinguishing trigger of VSMC
differentiation and proliferation [104]: PDGF-BB induces miR-24 expression, which
subsequently leads to Tribbles-like protein-3 (TRB3) downregulation by a post-tran-
scriptional effect, with a decrease in BMP and TGFb signaling, promoting VSMC
proliferation. On the contrary, inhibition of miR-24 enhances TRB3 expression and
impairs VSMC proliferative activity [104]. Of note, TGF-f Signaling has been also
implied in the mineralization of VSMC induced by oxidized LDL [105].

The specific roles of miRs in the regulation of VSMC phenotypic switch are
summarized in Table 4.1.

Several miRs have been shown to modulate VSMC proliferation and migration,
key aspects in the pathogenesis of atherosclerosis. For instance, miR-133 [136] and
miR-136 [137] promote whereas miR-365 [117] and miR-1298 (which has been
shown to be regulated by DNA methylation [138]) inhibit VSMC proliferation and
migration.
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Table 4.1 miRNAs involved in the VSMC phenotypic switch

Effect of injury on
miRNA level Main targets References

Pro-contractile miRNAs (quiescent, differentiated state)

miR-1 Reduction PIM1, KLF4 [106, 107]
miR-10 Unknown HDAC4, MAP3K7, B-TRC [108, 109]
miR-15b Increase MAP2K4 [110]
miR-18a-5p Increase Syndecan4 [111]
miR-21 Increase PDCD4 [112, 113]
miR-132 Increase LRRFIP1 [114]
miR-133a Reduction MSN, SP-1 [115, 116]
miR-143/145 Reduction FRAL, Elk1, CALMK, KLF4, [26, 42, 49]
ACE, KLF5, MRTFB, myocardin
miR-365 Reduction Cyclin D1 [117]
miR-424/322 Increase STIM1, calumenin [118]
miR-490-3p Reduction PAPP-A [119]
miR-638 Unknown NORI1 [120]
miR-663 Unknown JunB [121, 122]
Pro-synthetic miRNAs (proliferative, dedifferentiated state)
miR-21 Increase PTEN, Bcl-2 [102, 123, 124]
miR-24 Reduction TRB3 [104, 125, 126]
miR-26a Increase SMAD1/4 [103, 127, 128]
miR-31 Increase LATS2, CREG [129-131]
miR-146 Increase HuR, NF-xB [132]
miR-221/222 Increase p27, p57, c-kit [102, 133-135]

PTRC P transducin repeat-containing gene, CREG cellular repressor of E1A-stimulated genes,
Elkl ETS domain-containing protein-1, KLF4 Kruppel-like factor 4, Trb3 Tribbles-like protein-3,
LATS2 large tumor suppressor homolog 2, LRRFIP1 leucine-rich repeat in Flightless-1 interacting
protein-1, MAP2K4 mitogen-activated protein kinase kinase 4, MAP3K7 mitogen-activated kinase
kinase kinase 7, MSN moesin, NOR! orphan nuclear receptor, PAPP-A pregnancy-associated
plasma protein A, PDCD4 Programmed Cell Death 4, SMAD small mother against decapentaple-
gic, STIM 1 stromal-interacting molecule 1, TRB3 Tribbles-like protein-3

Importantly, the role of VSMC varies depending on the stage of atherosclerotic
disease, playing a maladaptive role in early lesion development and progression and
a beneficial adaptive role within the fibrous cap by stabilizing advanced plaques in
the face of end-stage disease events such as plaque rupture [139]. Indeed, VSMC
can synthesize components of the fibrous cap, which separates circulating blood
from the thrombogenic plaque interior [140]. In humans, ruptured atherosclerotic
plaques show less VSMC compared with stable lesions, indicating an active contri-
bution of VSMC to plaque stability [139]. Promoting a quiescent VSMC phenotype
might lead to increased fibrous cap integrity, and in this respect, miRs represent an
opportunity for positive VSMC regulation (see Chap. 5 of this book for a systematic
overview of miRs involved in the atherosclerotic process).
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Mechanistic Importance of Endothelium in Restenosis
and in Vascular Remodeling

Stent implantation and/or balloon angioplasty, interventions that are used routinely
to treat coronary artery disease, lead to mechanical EC damage. A normal operative
endothelium is crucial due to its participation in the regulation of vascular tone,
alongside with its role in suppressing intimal hyperplasia by inhibiting inflamma-
tion, thrombus formation, and VSMC proliferation and migration [2, 141, 142].
Thus, the endothelium provides a selectively permeable barrier that protects against
potentially detrimental circulating factors [143—145]. Endothelial denudation and
medial wall injury are generally considered the initial effects of angioplasty-induced
injury [146-149].

Given the essential role of EC in suppressing inflammation and thrombosis [150,
151] and overall in controlling vascular tone and function [4], the restoration of a
healthy endothelial layer is an imperative therapeutic goal in order to prevent reste-
nosis and to avoid the detrimental consequences of in-stent thrombosis [2, 152].

Re-endothelialization of injured arteries occurs naturally via outgrowth of local
EC [153]. The recruitment of circulating bone marrow-derived endothelial progeni-
tor cells in this process is controversial [154—156], and the actual contribution of
this cell population continues to be uncertain [157].

The effect of stent deployment on EC behavior remains poorly understood.
Unquestionably, re-endothelialization of injured coronary arteries is affected by the
presence of a stent since such a structure provides a nonphysiological surface for
adhesion and generates perturbations in blood flow [158, 159].

The issue of EC repair has been somehow brought into sharp relief in the era of
drug-eluting stents (DES), which can release cytostatic compounds that inhibit cell
cycle progression [160, 161]. Albeit DES are associated with reduced restenosis
rates via inhibition of VSMC proliferation [162—164], they have also been linked to
lethal late-stage thrombotic events, which are associated with EC injury [165-167].
Ergo, there is an urgent need to develop new therapeutic interventions to promote
EC repair in stented arteries and thereby reduce the incidence of late thrombosis and
avoid serious risks associated with prolonged administration of systemic antiplate-
let treatments [168, 169], as discussed in detail in the section “Angioplasty, Stents,
and miRs” of this chapter.

The precise mechanisms of endothelial repair following angioplasty-related
injury have been the focus of a plethora of studies. As mentioned above, the poten-
tial regenerative capacity of endothelial progenitor cells remains controversial
[170-172], and current research focuses on the complex interaction of circulating
cells and mature vessel-wall residual EC. In this context, the emerging functional
role of microparticles, tiny membrane fragments of activated and apoptotic cells,
has been recently investigated: in brief, EC injury triggers the release of EC-derived
microparticles, which act as important carriers of bioactive molecules playing cru-
cial roles in cell—cell cross talk. Indeed, microparticles can trigger antiapoptotic
effects on EC, and are able to transfer microRNAs, such as miR-126, to target EC,
ultimately enhancing endothelial repair mechanisms [170].
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Under hyperglycemic conditions, EC microparticles exhibit reduced regenerative
capacity, suggesting that hyperglycemia not only directly harms the endothelium, but
also indirectly promotes vascular damage by altering endogenous vascular regenera-
tion mechanisms [170]. Analysis of microRNA-126 level in patients with stable
coronary artery disease confirmed that diabetes mellitus reduces microRNA-126
expression in circulating microparticles. Moreover, genetic downregulation of
microRNA-126 reduces endothelial microparticle-mediated EC repair both in vivo
and in vitro [170, 173].

The endothelium plays a fundamental role in angiogenesis [20-22, 25, 174] and
numerous studies investigated the role of miRs in regulating this process. For sim-
plicity, the most important miRs heretofore implicated in EC-mediated angiogenetic
process are reported in Table 4.2, alongside with their target gene(s) and function(s).

Table 4.2 Proangiogenic and antiangiogenic miRNAs

Targets Main effect References
Pro-angiogenic miRNAs
miR-9 SOCS5 Enhanced EC migration | [175]
miR-10a MAP3K7; HOXATL; Anti-inflammatory [109, 176, 177]
bTRC
miR-23/27 SEMAGA; SPROUTY2 Pro-angiogenic [178]
miR-126 PI3KR2; SPRED1 Pro-angiogenic [57, 89, 98,
VCAMI; SDF1 Anti-inflammatory 179-182]
miR-130 HOXAS5, GAX Migration and
proliferation
miR-210 EFNA3 Pro-angiogenic [183]
miR-217 SIRT1-FOXO/eNOS Pro-angiogenic [184]
miR-424 HIF-1a Chemotaxis, [185]
proliferation

Anti-angiogenic miRNAs

miR-17 JAK-1 Anti-angiogenic [186]
miR-21 RhoB Antiproliferative [187]
PPARYy Pro-inflammatory [188]
miR-24 GATA-2; Anti-angiogenic [189]
PAK4 Pro-apoptotic [190]
miR-92a SIRT1; ITGAS Anti-angiogenic [191]
KLF4 and MKK4 Inhibited [192]
re-endothelialization
miR-200 Ets-1; IL-8; CXCL1 Anti-angiogenic [193, 194]
miR-221/222 STAS5a; c-KIT; eNOS Anti-angiogenic [195-197]
miR-492 eNOS Anti-angiogenic [198]
14q32 miR cluster Multiple Anti-angiogenic [199]

(329, 487b, 494, 495) | neovascularization genes

EFNA3 Ephrin-A3, eNOS Endothelial Nitric Oxide Synthase, JAK/ Janus kinase 1, KLF4 Kruppel-
like factor 4, PPAR-y Peroxisome proliferator-activated receptor gamma, RhoB Ras homolog gene
family, member B, SIRT/ sirtuin (silent mating type information regulation 2 homolog) 1, SOCS5
suppressor of cytokine signaling 5, PI3KR2 phosphoinositol-3 kinase regulatory subunit 2,
SEMAGA Semaphorin-6A, VCAM-1 vascular cell adhesion molecule 1
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Angioplasty, Stents, and miRs

Coronary artery disease represents a leading cause of mortality worldwide [200-203].
Percutaneous coronary intervention (PCI) is one of the most commonly performed
interventions [204], representing the main option for revascularization in a series of
cardiovascular disorders, from unstable angina and myocardial infarction, to multi-
vascular disease [204].

Milestones in Interventional Cardiology

Recurrent lumen narrowing has been a substantial limitation of open and percutane-
ous methods of arterial reconstruction from their inception.

The term restenosis, commonly used since 1950 in reference to recurrent cardiac
valvular stenosis [205], was later adopted to define lumen re-narrowing after open
arterial reconstruction such as carotid endarterectomy.

With the development of peripheral angioplasty by Dotter in the 1960s [206] and
then the application of percutaneous approach to angioplasty of renal, coronary, and
iliac arteries by Gruentzig and colleagues [207, 208] the problem of restenosis grew
exponentially: as angioplasty became widely adopted in the 1980s, restenosis after
the intervention was reported in up to 60 % of patients [209, 210].

A major breakthrough in the field was the introduction of bare metal stents
(BMS), which revolutionized interventional cardiology preventing the elastic recoil
of the treated vessels [211] and, more importantly, significantly reducing the phe-
nomenon of restenosis, as demonstrated by two milestone prospective randomized
clinical trials [212, 213]: compared with angioplasty, stenting massively reduced
restenosis, reaching percentages of 22 %.

However, the major drawback of this procedure is the induction of proliferation/
migration and subsequent accumulation of VSMC [214], macrophages [215], and
Iymphocytes [216] in the arterial wall, eventually leading to restenosis [217].

Once the molecular mechanisms underlying the restenosis process were better
comprehended (and mainly attributable to the proliferation of VSMC), DES were
introduced in the clinical scenario, in order to deliver in situ a drug that can inhibit
cell proliferation [218, 219].

Nowadays, millions of procedures to intervene on occlusive vascular lesions are
performed worldwide each year (~700,000 angioplasties are performed annually in
the USA) and 70-90 % of all angioplasty patients receive a stent, inserted perma-
nently at the site of the vascular blockage to form an internal scaffolding that keeps
the angioplastied vessel from closing.

The introduction of DES significantly reduced rates of restenosis [218, 220,
221]. Though, concerns have been raised over the long-term safety of the DES, with
particular reference to stent thrombosis, essentially due to impaired re-
endothelization caused by the nonselective antiproliferative properties of DES
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[222-224]. As such, when the obstacle of restenosis seemed finally overcome,
enthusiasm and euphoria were tempered by epidemiologic data reporting that DES
did not ameliorate mortality rates when compared to BMS [225]. Basic research
revealed that the essential cause of the increased mortality observed in patients
receiving DES, despite the achieved prevention of restenosis, was mainly attribut-
able to the fact that the antiproliferative drugs eluted by the stents were nonselec-
tive, inhibiting not only the proliferation and migration of the “bad” cells responsible
for restenosis (VSMC), but also the growth and mobility of the “good” EC, utterly
indispensable for the healing of the vessel following the stent implantation [226].
The lack of endothelial coverage eventually leads to an increased risk of thrombo-
sis, with catastrophic clinical consequences for the patients.

Drugs eluted by the stents currently available in clinical practice (Fig. 4.1) are
not able to differentiate EC from VSMC, T-cells or macrophages [227-229], and
the inhibition of proliferation and migration affects all these cellular types [228,
230, 231], leading to an increased risk for late thrombosis, due to delayed/incom-
plete re-endothelization [204, 214, 232]. Thus, impaired endothelial coverage after
angioplasty prolongs the window of vulnerability to thrombosis, requiring thereby
a prolonged dual antiplatelet therapy.

Several vasculoprotective approaches have been proposed to overcome the reste-
nosis problem after angioplasty, preserving endothelial function [233-235].
However, vascular restenosis and thrombosis continue to be a major problem of
interventional cardiology, limiting the effectiveness of revascularization procedures.
The ideal eluting stent should display a selective antiproliferative effect on VSMC,
macrophages, and T-lymphocytes, without affecting EC [204].
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Fig. 4.1 Chemical modifications of the macrocyclic ring in order to obtain drugs with potent
antiproliferative and immunosuppressive effects, including rapamycin (sirolimus), everolimus,
zotarolimus, umirolimus (biolimus A9), novolimus, and myolimus. Purple: FKBP12 (a.k.a.
Calstabin1) binding site; Green: mTOR binding site
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Since EC injury is a fundamental element in the pathophysiology of atherogen-
esis, understanding EC repair is of critical importance in order to develop novel
therapeutic strategies to preserve endothelial integrity and vascular health. In this
sense, miRs and their intrinsic properties represent a wonderful opportunity to
obtain a specific attenuation of neointimal formation.

Several miRs have been implicated in modification of vessel restenosis after
interventional endothelial injury: Antisense knockdown of miR-21, which is mod-
erately increased after vessel injury [123], can blunt the formation of neointimal
lesions in response to balloon injury of the carotid artery. Inducing miR-221 in
VSMCs on PDGF-f stimulation causes p27%®! inhibition [236], thereby increasing
VSMC proliferation contributing to the formation of a neointimal lesion after arte-
rial injury. Overexpression of miR-145 promotes neointima formation in response
to balloon injury [237].

The fundamental role of miRs in the restenosis process has been also confirmed
by Baker and colleagues, who identified multiple miRs, including miR-21, miR-146,
and miR142-3p, aberrantly expressed in stented pig arteries. Using a mouse vascular
stent model, they demonstrate that the knockout of miR-21 can attenuate neointimal
formation post-stenting modulating inflammation and VSMC response [238].

Harnessing the EC-specific expression of miR-126, we were able to obtain in
one fell swoop both the inhibition of restenosis, attacking VSMC, and the preven-
tion of restenosis and thrombosis, preserving the endothelial function [2].

A major challenge in the field is the delivery of miR-based therapies. In preclini-
cal studies, antagomiRs and miR mimetics have been successfully [239-243] deliv-
ered systemically (intravenously injected) showing beneficial effects on cardiac
remodeling; however, they are preferentially targeted to the liver, spleen, and kid-
ney. The specific application of miR-based agents to the vasculature, for instance
during cardiac catheterization for angioplasty, can be considered as an effective
therapeutic strategy.

Potential alternatives [93, 244-250] to the direct intravascular delivery (which
ideally could be combined to the new generation bioresorbable stents with biode-
gradable scaffolds [251-255]) include the stabilization of the miR-based agent
(various chemical modifications of the nucleotides can enhance stability in vivo, for
instance by using cholesterol-conjugated, 2’-O-methyl-modified antagomiRs) or
the conjugation to targeting molecules including antibodies, peptides, or other bio-
active molecules, which may promote the specific homing of the miR-based drug to
the site of the injury.

Conclusion

Accumulating evidence establishes that miRs are becoming one of the most fasci-
nating areas of biology, given their fundamental roles in several pathophysiological
processes. The relative role of different miRs in vascular biology as direct or indi-
rect post-transcriptional regulators of genes implied in structural remodeling,
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inflammation, angiogenesis, atherosclerosis, in-stent restenosis, and thrombosis
indicate that miRs may serve as promising drug targets or potential biomarkers in
prevention and management of vascular disorders.

Acknowledgements Dr. Gaetano Santulli is supported by the National Institutes of Health
(K99DK107895) and by the American Heart Association (AHA 15SDG25300007).

References

13.

14.

15.

18.

. Iaccarino G, Ciccarelli M, Sorriento D, Cipolletta E, Cerullo V, Iovino GL, et al. AKT partici-

pates in endothelial dysfunction in hypertension. Circulation. 2004;109:2587-93.

. Santulli G, Wronska A, Uryu K, Diacovo TG, Gao M, Marx SO, et al. A selective microRNA-

based strategy inhibits restenosis while preserving endothelial function. J Clin Invest.
2014;124: 4102-14.

. Cimpean A, Ribatti D, Raica M. A historical appraisal of angiogenesis assays since Judah

Folkman and before.... In: Santulli G, editor. Angiogenesis: insights from a systematic over-
view. New York: Nova Science; 2013. p. 31-50.

. Santulli G, Cipolletta E, Sorriento D, Del Giudice C, Anastasio A, Monaco S, et al. CaMK4

gene deletion induces hypertension. ] Am Heart Assoc. 2012;1, e001081.

. Santulli G, Trimarco B, Iaccarino G. G-protein-coupled receptor kinase 2 and hypertension:

molecular insights and pathophysiological mechanisms. High Blood Press Cardiovasc Prev.
2013;20:5-12.

. Sorriento D, Ciccarelli M, Santulli G, Campanile A, Altobelli GG, Cimini V, et al. The

G-protein-coupled receptor kinase 5 inhibits NFkappaB transcriptional activity by inducing
nuclear accumulation of IkappaB alpha. Proc Natl Acad Sci U S A. 2008;105:17818-23.

. Santulli G. Angiopoietin-like proteins: a comprehensive look. Front Endocrinol. 2014;5:4.
. Santulli G. B-blockers in diabetic patients with heart failure. JAMA Intern Med. 2015;

175(4):657.

. Santulli G. Effects of low-carbohydrate and low-fat diets. Ann Intern Med. 2015;162:392.
. Perino A, Ghigo A, Ferrero E, Morello F, Santulli G, Baillie GS, et al. Integrating cardiac

PIP(3) and cAMP signaling through a PKA anchoring function of pl10gamma. Mol Cell.
2011;42: 84-95.

. Santulli G. Adrenal signaling in heart failure: something more than a distant ship’s smoke on

the horizon. Hypertension. 2014;63:215-6.

. van Lieshout JJ, Wieling W, Karemaker JM, Eckberg DL. The vasovagal response. Clin Sci.

1991;81:575-86.

Santulli G, Ciccarelli M, Trimarco B, laccarino G. Physical activity ameliorates cardiovascu-
lar health in elderly subjects: the functional role of the beta adrenergic system. Front Physiol.
2013;4:209.

Wronska A, Kurkowska-Jastrzebska I, Santulli G. Application of microRNAs in diagnosis
and treatment of cardiovascular disease. Acta Physiol (Oxf). 2015;213:60-83.

Kozomara A, Griffiths-Jones S. miRBase: annotating high confidence microRNAs using
deep sequencing data. Nucleic Acids Res. 2014;42:D68-73.

. Anderson DM, Anderson KM, Chang CL, Makarewich CA, Nelson BR, McAnally JR, et al.

A micropeptide encoded by a putative long noncoding RNA regulates muscle performance.
Cell. 2015;160:595-606.

. Andrews SJ, Rothnagel JA. Emerging evidence for functional peptides encoded by short open

reading frames. Nat Rev Genet. 2014;15:193-204.
Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, et al. The transcriptional
landscape of the mammalian genome. Science. 2005;309:1559-63.



66

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

G. Santulli

. Lee LJ, Hughes TR, Frey BJ. How many new genes are there? Science. 2006;311:1709-11;
author reply-1711.

Santulli G, Ciccarelli M, Palumbo G, Campanile A, Galasso G, Ziaco B, et al. In vivo proper-
ties of the proangiogenic peptide QK. J Transl Med. 2009;7:41.

Ciccarelli M, Santulli G, Campanile A, Galasso G, Cervero P, Altobelli GG, et al. Endothelial
alphal-adrenoceptors regulate neo-angiogenesis. Br J Pharmacol. 2008;153:936-46.
Santulli G, Basilicata MF, De Simone M, Del Giudice C, Anastasio A, Sorriento D, et al.
Evaluation of the anti-angiogenic properties of the new selective alphaVbeta3 integrin antag-
onist RGDechiHCit. J Transl Med. 2011;9:7.

Berthod F. Fibroblasts and endothelial cells: the basic angiogenic unit. In: Santulli G, editor.
Angiogenesis: insights from a systematic overview. New York: Nova Science; 2013. p. 145-58.
Yamamoto S, Niida S, AzumaE, Yanagibashi T, Muramatsu M, Huang TT, et al. Inflammation-
induced endothelial cell-derived extracellular vesicles modulate the cellular status of peri-
cytes. Sci Rep. 2015;5:8505.

Matarese A, Santulli G. Angiogenesis in chronic obstructive pulmonary disease: a transla-
tional appraisal. Transl Med UniSa. 2012;3:49-56.

Cordes KR, Sheehy NT, White MP, Berry EC, Morton SU, Muth AN, et al. miR-145 and
miR-143 regulate smooth muscle cell fate and plasticity. Nature. 2009;460:705-10.

Tio A, Nakagawa Y, Hirata I, Naoe T, Akao Y. Identification of non-coding RNAs embracing
microRNA-143/145 cluster. Mol Cancer. 2010;9:136.

Boucher JM, Peterson SM, Urs S, Zhang C, Liaw L. The miR-143/145 cluster is a novel
transcriptional target of Jagged-1/Notch signaling in vascular smooth muscle cells. J Biol
Chem. 2011;286:28312-21.

Davis-Dusenbery BN, Chan MC, Reno KE, Weisman AS, Layne MD, Lagna G, et al. Down-
regulation of Kruppel-like factor-4 (KLF4) by microRNA-143/145 is critical for modulation
of vascular smooth muscle cell phenotype by transforming growth factor-beta and bone mor-
phogenetic protein 4. J Biol Chem. 2011;286:28097-110.

Batliner J, Buehrer E, Fey MF, Tschan MP. Inhibition of the miR-143/145 cluster attenuated
neutrophil differentiation of APL cells. Leuk Res. 2012;36:237-40.

lio A, Takagi T, Miki K, Naoe T, Nakayama A, Akao Y. DDX6 post-transcriptionally down-
regulates miR-143/145 expression through host gene NCR143/145 in cancer cells. Biochim
Biophys Acta. 1829;2013:1102-10.

Medrano S, Sequeira-Lopez ML, Gomez RA. Deletion of the miR-143/145 cluster leads to
hydronephrosis in mice. Am J Pathol. 2014;184:3226-38.

Dahan D, Ekman M, Larsson-Callerfelt AK, Turczynska K, Boettger T, Braun T, et al.
Induction of angiotensin-converting enzyme after miR-143/145 deletion is critical for
impaired smooth muscle contractility. Am J Physiol Cell Physiol. 2014;307:C1093-101.
Kent OA, McCall MN, Cornish TC, Halushka MK. Lessons from miR-143/145: the impor-
tance of cell-type localization of miRNAs. Nucleic Acids Res. 2014;42:7528-38.

Chivukula RR, Shi G, Acharya A, Mills EW, Zeitels LR, Anandam JL, et al. An essential
mesenchymal function for miR-143/145 in intestinal epithelial regeneration. Cell. 2014;157:
1104-16.

Kojima S, Enokida H, Yoshino H, Itesako T, Chiyomaru T, Kinoshita T, et al. The tumor-
suppressive microRNA-143/145 cluster inhibits cell migration and invasion by targeting
GOLM1 in prostate cancer. ] Hum Genet. 2014;59:78-87.

Zhao W, Zheng XL, Peng DQ, Zhao SP. Myocyte enhancer factor 2A regulates hydrogen
peroxide-induced senescence of vascular smooth muscle cells via microRNA-143. J Cell
Physiol. 2015;230:2202-11.

Bhattachariya A, Dahan D, Ekman M, Boettger T, Braun T, Sward K, et al. Spontaneous
activity and stretch-induced contractile differentiation are reduced in vascular smooth muscle
of miR-143/145 knockout mice. Acta Physiol (Oxf). 2015. doi:10.1111/apha.12536.
Vengrenyuk Y, Nishi H, Long X, Ouimet M, Savji N, Martinez FO, et al. Cholesterol loading
reprograms the MicroRNA-143/145-myocardin axis to convert aortic smooth muscle cells to a
dysfunctional macrophage-like phenotype. Arterioscler Thromb Vasc Biol. 2015;35:535-46.


http://dx.doi.org/10.1111/apha.12536

4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 67

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Koo S, Martin G, Toussaint LG. MicroRNA-145 promotes the phenotype of human glioblas-
toma cells selected for invasion. Anticancer Res. 2015;35:3209-15.

Avgeris M, Mavridis K, Tokas T, Stravodimos K, Fragoulis EG, Scorilas A. Uncovering the
clinical utility of miR-143, miR-145 and miR-224 for predicting the survival of bladder can-
cer patients following treatment. Carcinogenesis. 2015;36:528-37.

Riches K, Alshanwani AR, Warburton P, O’Regan DJ, Ball SG, Wood IC, et al. Elevated
expression levels of miR-143/5 in saphenous vein smooth muscle cells from patients with
Type 2 diabetes drive persistent changes in phenotype and function. J] Mol Cell Cardiol.
2014;74: 240-50.

Sala F, Aranda JF, Rotllan N, Ramirez CM, Aryal B, Elia L, et al. MiR-143/145 deficiency
attenuates the progression of atherosclerosis in Ldlr-/-mice. Thromb Haemost. 2014;112:
796-802.

Engelhardt S, Leierseder S. Coinciding functions for miR-145 in vascular smooth muscle and
cardiac fibroblasts. J Mol Cell Cardiol. 2013;65:105-7.

Boettger T, Beetz N, Kostin S, Schneider J, Kruger M, Hein L, et al. Acquisition of the con-
tractile phenotype by murine arterial smooth muscle cells depends on the Mir143/145 gene
cluster. J Clin Invest. 2009;119:2634-47.

Elia L, Quintavalle M, Zhang J, Contu R, Cossu L, Latronico MV, et al. The knockout of
miR-143 and -145 alters smooth muscle cell maintenance and vascular homeostasis in mice:
correlates with human disease. Cell Death Differ. 2009;16:1590-8.

Wang D, Chang PS, Wang Z, Sutherland L, Richardson JA, Small E, et al. Activation of car-
diac gene expression by myocardin, a transcriptional cofactor for serum response factor. Cell.
2001;105:851-62.

Wang DZ, Li S, Hockemeyer D, Sutherland L, Wang Z, Schratt G, et al. Potentiation of serum
response factor activity by a family of myocardin-related transcription factors. Proc Natl
Acad Sci U S A. 2002;99:14855-60.

Liu X, Cheng Y, Yang J, Qin S, Chen X, Tang X, et al. Flank sequences of miR-145/143 and
their aberrant expression in vascular disease: mechanism and therapeutic application. ] Am
Heart Assoc. 2013;2, e000407.

Quintavalle M, Elia L, Condorelli G, Courtneidge SA. MicroRNA control of podosome for-
mation in vascular smooth muscle cells in vivo and in vitro. J Cell Biol. 2010;189:13-22.
Climent M, Quintavalle M, Miragoli M, Chen J, Condorelli G, Elia L. TGFbeta triggers miR-
143/145 transfer from smooth muscle cells to endothelial cells, thereby modulating vessel
stabilization. Circ Res. 2015;116:1753-64.

Thayanithy V, Dickson EL, Steer C, Subramanian S, Lou E. Tumor-stromal cross talk: direct
cell-to-cell transfer of oncogenic microRNAs via tunneling nanotubes. Transl Res. 2014;164:
359-65.

Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, Wythe JD, et al. miR-126 regulates angio-
genic signaling and vascular integrity. Dev Cell. 2008;15:272-84.

Guo C, Sah JF, Beard L, Willson JK, Markowitz SD, Guda K. The noncoding RNA, miR-
126, suppresses the growth of neoplastic cells by targeting phosphatidylinositol 3-kinase
signaling and is frequently lost in colon cancers. Genes Chromosomes Cancer.
2008;47:939-46.

Kuhnert F, Mancuso MR, Hampton J, Stankunas K, Asano T, Chen CZ, et al. Attribution of
vascular phenotypes of the murine Egfl7 locus to the microRNA miR-126. Development.
2008;135:3989-93.

Musiyenko A, Bitko V, Barik S. Ectopic expression of miR-126%*, an intronic product of the
vascular endothelial EGF-like 7 gene, regulates prostein translation and invasiveness of pros-
tate cancer LNCaP cells. J Mol Med (Berl). 2008;86:313-22.

Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, Hill JA, et al. The endothelial-specific
microRNA miR-126 governs vascular integrity and angiogenesis. Dev Cell. 2008;15:
261-71.

Zhang J, Du YY, Lin YF, Chen YT, Yang L, Wang HJ, et al. The cell growth suppressor,
mir-126, targets IRS-1. Biochem Biophys Res Commun. 2008;377:136—40.



68

59

60.

61.

62.

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78

79.

G. Santulli

. Zhao C, Li Y, Zhang M, Yang Y, Chang L. miR-126 inhibits cell proliferation and induces
cell apoptosis of hepatocellular carcinoma cells partially by targeting Sox2. Hum Cell.
2015;28: 91-9.

Khella HW, Scorilas A, Mozes R, Mirham L, Lianidou E, Krylov SN, et al. Low expression
of miR-126 is a prognostic marker for metastatic clear cell renal cell carcinoma. Am J Pathol.
2015;185:693-703.

Yang Y, Song KL, Chang H, Chen L. Decreased expression of microRNA-126 is associated
with poor prognosis in patients with cervical cancer. Diagn Pathol. 2014;9:220.

Bijkerk R, van Solingen C, de Boer HC, de Vries DK, Monge M, van Oeveren-Rietdijk A,
et al. Silencing of miRNA-126 in kidney ischemia reperfusion is associated with elevated
SDF-1 levels and mobilization of Sca-1+/Lin- progenitor cells. Microrna. 2014;3:144-9.

. Lonvik K, Sorbye SW, Nilsen MN, Paulssen RH. Prognostic value of the MicroRNA regula-
tors dicer and Drosha in non-small-cell lung cancer: co-expression of Drosha and miR-126
predicts poor survival. BMC Clin Pathol. 2014;14:45.

Liu R, Gu J, Jiang P, Zheng Y, Liu X, Jiang X, et al. DNMT1-microRNA126 epigenetic cir-
cuit contributes to esophageal squamous cell carcinoma growth via ADAM9-EGFR-AKT
signaling. Clin Cancer Res. 2015;21:854-63.

Jiang L, Tao C, He A, He X. Overexpression of miR-126 sensitizes osteosarcoma cells to
apoptosis induced by epigallocatechin-3-gallate. World J Surg Oncol. 2014;12:383.

Liu B, Peng XC, Zheng XL, Wang J, Qin YW. MiR-126 restoration down-regulate VEGF and
inhibit the growth of lung cancer cell lines in vitro and in vivo. Lung Cancer. 2009;66:
169-75.

Feng R, Chen X, Yu Y, Su L, Yu B, Li J, et al. miR-126 functions as a tumour suppressor in
human gastric cancer. Cancer Lett. 2010;298:50-63.

Harnprasopwat R, Ha D, Toyoshima T, Lodish H, Tojo A, Kotani A. Alteration of processing
induced by a single nucleotide polymorphism in pri-miR-126. Biochem Biophys Res
Commun. 2010;399:117-22.

MeisterJ, Schmidt MH. miR-126 and miR-126%*: new playersin cancer. ScientificWorldJournal.
2010;10:2090-100.

Oglesby IK, Bray IM, Chotirmall SH, Stallings RL, O’Neill SJ, McElvaney NG, et al. miR-
126 is downregulated in cystic fibrosis airway epithelial cells and regulates TOM1 expres-
sion. J Immunol. 2010;184:1702-9.

Sun Y, Bai Y, Zhang F, Wang Y, Guo Y, Guo L. miR-126 inhibits non-small cell lung cancer
cells proliferation by targeting EGFL7. Biochem Biophys Res Commun. 2010;391:1483-9.
Chen JJ, Zhou SH. Mesenchymal stem cells overexpressing MiR-126 enhance ischemic
angiogenesis via the AKT/ERK-related pathway. Cardiol J. 2011;18:675-81.

Collison A, Herbert C, Siegle JS, Mattes J, Foster PS, Kumar RK. Altered expression of
microRNA in the airway wall in chronic asthma: miR-126 as a potential therapeutic target.
BMC Pulm Med. 2011;11:29.

Cui W, Li Q, Feng L, Ding W. MiR-126-3p regulates progesterone receptors and involves
development and lactation of mouse mammary gland. Mol Cell Biochem. 2011;355:17-25.
Donnem T, Lonvik K, Eklo K, Berg T, Sorbye SW, Al-Shibli K, et al. Independent and tissue-
specific prognostic impact of miR-126 in nonsmall cell lung cancer: coexpression with vas-
cular endothelial growth factor-A predicts poor survival. Cancer. 2011;117:3193-200.

Li XM, Wang AM, Zhang J, Yi H. Down-regulation of miR-126 expression in colorectal
cancer and its clinical significance. Med Oncol. 2011;28:1054-7.

LiZ, Chen J. In vitro functional study of miR-126 in leukemia. Methods Mol Biol. 2011;676:
185-95.

. Ren G, Kang Y. A one-two punch of miR-126/126* against metastasis. Nat Cell Biol.
2013;15:231-3.

Schmidt Y, Simunovic F, Strassburg S, Pfeifer D, Stark GB, Finkenzeller G. miR-126 regu-
lates platelet-derived growth factor receptor-alpha expression and migration of primary
human osteoblasts. Biol Chem. 2015;396:61-70.



4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 69

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Togliatto G, Trombetta A, Dentelli P, Gallo S, Rosso A, Cotogni P, et al. Unacylated ghrelin
induces oxidative stress resistance in a glucose intolerance and peripheral artery disease
mouse model by restoring endothelial cell miR-126 expression. Diabetes.
2015;64:1370-82.

Miki K, Endo K, Takahashi S, Funakoshi S, Takei I, Katayama S, et al. Efficient detection and
purification of cell populations using synthetic microRNA switches. Cell Stem Cell. 2015;
16:699-711.

Feng X, Tan W, Cheng S, Wang H, Ye S, Yu C, et al. Upregulation of microRNA-126 in
hepatic stellate cells may affect pathogenesis of liver fibrosis through the NF-kappaB path-
way. DNA Cell Biol. 2015;34(7):470-80.

Rohde JH, Weigand JE, Suess B, Dimmeler S. A universal aptamer chimera for the delivery
of functional microRNA-126. Nucleic Acid Ther. 2015;25:141-51.

Shibayama Y, Kondo T, Ohya H, Fujisawa S, Teshima T, Iseki K. Upregulation of microRNA-
126-5p is associated with drug resistance to cytarabine and poor prognosis in AML patients.
Oncol Rep. 2015;33:2176-82.

Hu J, Zeng L, Huang J, Wang G, Lu H. miR-126 promotes angiogenesis and attenuates
inflammation after contusion spinal cord injury in rats. Brain Res. 2015;1608:191-202.
Nakano M, Fukushima Y, Yokota S, Fukami T, Takamiya M, Aoki Y, et al. CYP2A7 pseudo-
gene transcript affects CYP2A6 expression in human liver by acting as a decoy for miR-126.
Drug Metab Dispos. 2015;43:703-12.

Meng Q, Wang W, Yu X, Li W, Kong L, Qian A, et al. Upregulation of microRNA-126 con-
tributes to endothelial progenitor cell function in deep vein thrombosis via its target PIK3R2.
J Cell Biochem. 2015;116(8):1613-23.

Mocharla P, Briand S, Giannotti G, Dorries C, Jakob P, Paneni F, et al. AngiomiR-126 expres-
sion and secretion from circulating CD34(+) and CD14(+) PBMCs: role for proangiogenic
effects and alterations in type 2 diabetics. Blood. 2013;121:226-36.

Meng S, Cao JT, Zhang B, Zhou Q, Shen CX, Wang CQ. Downregulation of microRNA-126in
endothelial progenitor cells from diabetes patients, impairs their functional properties, via
target gene Spred-1. J Mol Cell Cardiol. 2012;53:64-72.

Prattichizzo F, Giuliani A, Ceka A, Rippo MR, Bonfigli AR, Testa R, et al. Epigenetic mecha-
nisms of endothelial dysfunction in type 2 diabetes. Clin Epigenetics. 2015;7(1):56.

Tian HS, Zhou QG, Shao F. Relationship between arterial atheromatous plaque morphology
and platelet-associated miR-126 and miR-223 expressions. Asian Pac J Trop Med.
2015;8:309-14.

Zhang T, Li L, Shang Q, Lv C, Wang C, Su B. Circulating miR-126 is a potential biomarker
to predict the onset of type 2 diabetes mellitus in susceptible individuals. Biochem Biophys
Res Commun. 2015;463(1-2):60-3.

Endo-Takahashi Y, Negishi Y, Nakamura A, Ukai S, Ooaku K, Oda 'Y, et al. Systemic delivery
of miR-126 by miRNA-loaded bubble liposomes for the treatment of hindlimb ischemia. Sci
Rep. 2014;4:3883.

Potus F, Graydon C, Provencher S, Bonnet S. Vascular remodeling process in pulmonary
arterial hypertension, with focus on miR-204 and miR-126 (2013 Grover Conference series).
Pulm Circ. 2014:;4:175-84.

Yamaguchi T, Iijima T, Wakaume R, Takahashi K, Matsumoto H, Nakano D, et al.
Underexpression of miR-126 and miR-20b in hereditary and nonhereditary colorectal tumors.
Oncology. 2014;87:58-66.

Yan T, Cui K, Huang X, Ding S, Zheng Y, Luo Q, et al. Assessment of therapeutic efficacy of
miR-126 with contrast-enhanced ultrasound in preeclampsia rats. Placenta. 2014;35:23-9.
Goerke SM, Kiefer LS, Stark GB, Simunovic F, Finkenzeller G. miR-126 modulates angio-
genic growth parameters of peripheral blood endothelial progenitor cells. Biol Chem. 2015;
396:245-52.

Olivieri F, Bonafe M, Spazzafumo L, Gobbi M, Prattichizzo F, Recchioni R, et al. Age- and
glycemia-related miR-126-3p levels in plasma and endothelial cells. Aging. 2014;6:771-87.



70

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

G. Santulli

McAuley AK, Dirani M, Wang JJ, Connell PP, Lamoureux EL, Hewitt AW. A genetic variant
regulating miR-126 is associated with sight threatening diabetic retinopathy. Diab Vasc Dis
Res. 2015;12:133-8.

Schwartz SM. Smooth muscle migration in atherosclerosis and restenosis. J Clin Invest.
1997;100:S87-9.

Lagna G, Ku MM, Nguyen PH, Neuman NA, Davis BN, Hata A. Control of phenotypic
plasticity of smooth muscle cells by bone morphogenetic protein signaling through the
myocardin-related transcription factors. J Biol Chem. 2007;282:37244-55.

Davis BN, Hilyard AC, Lagna G, Hata A. SMAD proteins control DROSHA-mediated
microRNA maturation. Nature. 2008;454:56-61.

Leeper NJ, Raiesdana A, Kojima Y, Chun HJ, Azuma J, Maegdefessel L, et al. MicroRNA-26a
is a novel regulator of vascular smooth muscle cell function. J Cell Physiol. 2011;226:1035-43.
Chan MC, Hilyard AC, Wu C, Davis BN, Hill NS, Lal A, et al. Molecular basis for antago-
nism between PDGF and the TGFbeta family of signalling pathways by control of miR-24
expression. EMBO J. 2010;29:559-73.

Yan J, Stringer SE, Hamilton A, Charlton-Menys V, Gotting C, Muller B, et al. Decorin GAG
synthesis and TGF-beta signaling mediate Ox-LDL-induced mineralization of human vascu-
lar smooth muscle cells. Arterioscler Thromb Vasc Biol. 2011;31:608-15.

Nasser MW, Datta J, Nuovo G, Kutay H, Motiwala T, Majumder S, et al. Down-regulation of
micro-RNA-1 (miR-1) in lung cancer. Suppression of tumorigenic property of lung cancer
cells and their sensitization to doxorubicin-induced apoptosis by miR-1. J Biol Chem.
2008;283:33394-405.

Xie C, Huang H, Sun X, Guo Y, Hamblin M, Ritchie RP, et al. MicroRNA-1 regulates smooth
muscle cell differentiation by repressing Kruppel-like factor 4. Stem Cells Dev. 2011;20:
205-10.

Huang H, Xie C, Sun X, Ritchie RP, Zhang J, Chen YE. miR-10a contributes to retinoid acid-
induced smooth muscle cell differentiation. J Biol Chem. 2010;285:9383-9.

Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-10a regulation of proinflam-
matory phenotype in athero-susceptible endothelium in vivo and in vitro. Proc Natl Acad Sci
U S A.2010;107:13450-5.

Kim S, Kang H. miR-15b induced by platelet-derived growth factor signaling is required for
vascular smooth muscle cell proliferation. BMB Rep. 2013;46:550—4.

Kee HJ, Kim GR, Cho SN, Kwon JS, Ahn Y, Kook H, et al. miR-18a-5p microRNA increases
vascular smooth muscle cell differentiation by downregulating syndecan4. Korean Circ
J. 2014;44:255-63.

Cheng Y, Zhang C. MicroRNA-21 in cardiovascular disease. J Cardiovasc Transl Res.
2010;3:251-5.

Young MR, Santhanam AN, Yoshikawa N, Colburn NH. Have tumor suppressor PDCD4 and
its counteragent oncogenic miR-21 gone rogue? Mol Interv. 2010;10:76-9.

Choe N, Kwon JS, Kim JR, Eom GH, Kim Y, Nam KI, et al. The microRNA miR-132 targets
Lrrfipl to block vascular smooth muscle cell proliferation and neointimal hyperplasia.
Atherosclerosis. 2013;229:348-55.

Kinoshita T, Nohata N, Fuse M, Hanazawa T, Kikkawa N, Fujimura L, et al. Tumor suppres-
sive microRNA-133a regulates novel targets: moesin contributes to cancer cell proliferation
and invasion in head and neck squamous cell carcinoma. Biochem Biophys Res Commun.
2012;418:378-83.

Qiu T, Zhou X, Wang J, Du Y, Xu J, Huang Z, et al. MiR-145, miR-133a and miR-133b
inhibit proliferation, migration, invasion and cell cycle progression via targeting transcription
factor Spl in gastric cancer. FEBS Lett. 2014;588:1168-77.

Kim MH, Ham O, Lee SY, Choi E, Lee CY, Park JH, et al. MicroRNA-365 inhibits the pro-
liferation of vascular smooth muscle cells by targeting cyclin D1. J Cell Biochem.
2014;115:1752-61.

Merlet E, Atassi F, Motiani RK, Mougenot N, Jacquet A, Nadaud S, et al. miR-424/322 regu-
lates vascular smooth muscle cell phenotype and neointimal formation in the rat. Cardiovasc
Res. 2013;98:458-68.



4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 71

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Sun Y, Chen D, Cao L, Zhang R, Zhou J, Chen H, et al. MiR-490-3p modulates the prolifera-
tion of vascular smooth muscle cells induced by ox-LDL through targeting PAPP-A. Cardiovasc
Res. 2013;100:272-9.

LiP,Liu Y, Yi B, Wang G, You X, Zhao X, et al. MicroRNA-638 is highly expressed in human
vascular smooth muscle cells and inhibits PDGF-BB-induced cell proliferation and migration
through targeting orphan nuclear receptor NOR1. Cardiovasc Res. 2013;99:185-93.

Li P, Zhu N, Yi B, Wang N, Chen M, You X, et al. MicroRNA-663 regulates human vascular
smooth muscle cell phenotypic switch and vascular neointimal formation. Circ Res. 2013;113:
1117-27.

Korff T, Pfisterer L, Schorpp-Kistner M. miR-663 and the miRaculous vascular smooth mus-
cle phenotypic switch. Circ Res. 2013;113:1102-5.

Ji R, Cheng Y, Yue J, Yang J, Liu X, Chen H, et al. MicroRNA expression signature and
antisense-mediated depletion reveal an essential role of MicroRNA in vascular neointimal
lesion formation. Circ Res. 2007;100:1579-88.

Silvestri P, Rigattieri S, Loschiavo P. Does the effect of microRNAs in vascular neointimal
formation depend on cell cycle phase? Circ Res. 2008;102(9):e101; author reply e102.
Davis-Dusenbery BN, Wu C, Hata A. Micromanaging vascular smooth muscle cell differen-
tiation and phenotypic modulation. Arterioscler Thromb Vasc Biol. 2011;31:2370-7.
Talasila A, Yu H, Ackers-Johnson M, Bot M, van Berkel T, Bennett MR, et al. Myocardin
regulates vascular response to injury through miR-24/-29a and platelet-derived growth factor
receptor-beta. Arterioscler Thromb Vasc Biol. 2013;33:2355-65.

Icli B, Wara AK, Moslehi J, Sun X, Plovie E, Cahill M, et al. MicroRNA-26a regulates patho-
logical and physiological angiogenesis by targeting BMP/SMADI signaling. Circ Res. 2013;
113:1231-41.

Bai Y, Wang L, Sun L, Ye P, Hui R. Circulating microRNA-26a: potential predictors and
therapeutic targets for non-hypertensive intracerebral hemorrhage. Med Hypotheses. 2011;
77:488-90.

Liu X, Cheng Y, Chen X, Yang J, Xu L, Zhang C. MicroRNA-31 regulated by the extracel-
lular regulated kinase is involved in vascular smooth muscle cell growth via large tumor
suppressor homolog 2. J Biol Chem. 2011;286:42371-80.

Liu X, Sempere LF, Ouyang H, Memoli VA, Andrew AS, Luo Y, et al. MicroRNA-31 func-
tions as an oncogenic microRNA in mouse and human lung cancer cells by repressing spe-
cific tumor suppressors. J Clin Invest. 2010;120:1298-309.

Wang J, Yan CH, Li Y, Xu K, Tian XX, Peng CF, et al. MicroRNA-31 controls phenotypic
modulation of human vascular smooth muscle cells by regulating its target gene cellular
repressor of E1A-stimulated genes. Exp Cell Res. 2013;319:1165-75.

Cheng HS, Sivachandran N, Lau A, Boudreau E, Zhao JL, Baltimore D, et al. MicroRNA-146
represses endothelial activation by inhibiting pro-inflammatory pathways. EMBO Mol Med.
2013;5:949-66.

Togliatto G, Trombetta A, Dentelli P, Rosso A, Brizzi MF. MIR221/MIR222-driven post-
transcriptional regulation of P27KIP1 and P57KIP2 is crucial for high-glucose- and AGE-
mediated vascular cell damage. Diabetologia. 2011;54:1930—40.

Kothapalli D, Castagnino P, Rader DJ, Phillips MC, Lund-Katz S, Assoian RK. Apolipoprotein
E-mediated cell cycle arrest linked to p27 and the Cox2-dependent repression of miR221/222.
Atherosclerosis. 2013;227:65-71.

Mackenzie NC, Staines KA, Zhu D, Genever P, Macrae VE. miRNA-221 and miRNA-222
synergistically function to promote vascular calcification. Cell Biochem Funct. 2014;32:
209-16.

Gao S, Wassler M, Zhang L, Li Y, Wang J, Zhang Y, et al. MicroRNA-133a regulates insulin-
like growth factor-1 receptor expression and vascular smooth muscle cell proliferation in
murine atherosclerosis. Atherosclerosis. 2014;232:171-9.

Zhang CF, Kang K, Li XM, Xie BD. MicroRNA-136 promotes vascular muscle cell prolif-
eration through the ERK1/2 pathway by targeting PPP2R2A in atherosclerosis. Curr Vasc
Pharmacol. 2014;13(3):405-12.



72

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.
160.

G. Santulli

Hu W, Wang M, Yin H, Yao C, He Q, Yin L, et al. MicroRNA-1298 is regulated by DNA
methylation and affects vascular smooth muscle cell function by targeting connexin 43.
Cardiovasc Res. 2015;107:534-45.

Weissberg PL, Clesham GJ, Bennett MR. Is vascular smooth muscle cell proliferation
beneficial? Lancet. 1996;347:305-7.

O’Sullivan JF, Martin K, Caplice NM. Microribonucleic acids for prevention of plaque rup-
ture and in-stent restenosis: “a finger in the dam”. J Am Coll Cardiol. 2011;57:383-9.
Vanhoutte PM. Endothelium-derived free radicals: for worse and for better. J Clin Invest.
2001;107:23-5.

Harrison DG. Cellular and molecular mechanisms of endothelial cell dysfunction. J Clin
Invest. 1997;100:2153-7.

Taccarino D, Politi L, Rossi R, Sgura F, Monopoli D, Modena MG, et al. Rationale and study
design of the OISTER trial: optical coherence tomography evaluation of stent struts re-
endothelialization in patients with non-ST-elevation acute coronary syndromes—a compari-
son of the intrEpide tRapidil eluting stent vs. taxus drug-eluting stent implantation.
J Cardiovasc Med (Hagerstown). 2010;11:536-43.

Mei H, Campbell JM, Paddock CM, Lertkiatmongkol P, Mosesson MW, Albrecht RM, et al.
Regulation of endothelial cell barrier function by antibody-driven affinity modulation of
PECAM-1. J Biol Chem. 2014;289(30):20836—44.

Pannekoek WIJ, Post A, Bos JL. Rap1 signaling in endothelial barrier control. Cell Adh Migr.
2014;8(2):100-7.

Gadang V, Konaniah E, Hui DY, Jaeschke A. Mixed-lineage kinase 3 deficiency promotes
neointima formation through increased activation of the RhoA pathway in vascular smooth
muscle cells. Arterioscler Thromb Vasc Biol. 2014;34:1429-36.

Popma JJ, Topol EJ. Factors influencing restenosis after coronary angioplasty. Am J Med.
1990;88:16N-24.

Faxon DP, Sanborn TA, Haudenschild CC. Mechanism of angioplasty and its relation to
restenosis. Am J Cardiol. 1987;60:5B-9.

Chaabane C, Otsuka F, Virmani R, Bochaton-Piallat ML. Biological responses in stented
arteries. Cardiovasc Res. 2013;99:353-63.

De Caterina R, Massaro M, Scoditti E, Annunziata CM. Pharmacological modulation of
vascular inflammation in atherothrombosis. Ann N Y Acad Sci. 2010;1207:23-31.

Esmon CT. Inflammation and thrombosis. J Thromb Haemost. 2003;1:1343-8.

Rhee JW, Wu JC. Advances in nanotechnology for the management of coronary artery disease.
Trends Cardiovasc Med. 2013;23:39-45.

Otsuka F, Finn AV, Yazdani SK, Nakano M, Kolodgie FD, Virmani R. The importance of
the endothelium in atherothrombosis and coronary stenting. Nat Rev Cardiol.
2012;9:439-53.

Hagensen MK, Raarup MK, Mortensen MB, Thim T, Nyengaard JR, Falk E, et al. Circulating
endothelial progenitor cells do not contribute to regeneration of endothelium after murine
arterial injury. Cardiovasc Res. 2012;93:223-31.

Tsuzuki M. Bone marrow-derived cells are not involved in reendothelialized endothelium as
endothelial cells after simple endothelial denudation in mice. Basic Res Cardiol. 2009;104:
601-11.

Cevese A. Totipotent stem cells could do everything ... or else nothing: the case of vascular
reendothelialization. Cardiovasc Res. 2012;93:211-2.

Pearson JD. Endothelial progenitor cells—hype or hope? J Thromb Haemost. 2009;7:
255-62.

Jimenez JM, Prasad V, Yu MD, Kampmeyer CP, Kaakour AH, Wang PJ, et al. Macro- and
microscale variables regulate stent haemodynamics, fibrin deposition and thrombomodulin
expression. J R Soc Interface. 2014;11(94):20131079.

Alexander RW. Getting stents to go with the flow. J Clin Invest. 2004;113:1532-4.

Liuzzo JP, Ambrose JA, Coppola JT. Sirolimus- and taxol-eluting stents differ towards inti-
mal hyperplasia and re-endothelialization. J Invasive Cardiol. 2005;17:497-502.




4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 73

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Simard T, Hibbert B, Ramirez FD, Froeschl M, Chen YX, O’Brien ER. The evolution of
coronary stents: a brief review. Can J Cardiol. 2014;30:35-45.

Palmerini T, Biondi-Zoccai G, Della Riva D, Stettler C, Sangiorgi D, D’Ascenzo F, et al.
Stent thrombosis with drug-eluting and bare-metal stents: evidence from a comprehensive
network meta-analysis. Lancet. 2012;379:1393—402.

Di Lorenzo E, Carbone G, Sauro L, Casafina A, Capasso M, Sauro R. Bare-metal stents ver-
sus drug-eluting stents for primary angioplasty: long-term outcome. Curr Cardiol Rep. 2011;
13:459-64.

Wessely R. New drug-eluting stent concepts. Nat Rev Cardiol. 2010;7:194-203.

Huang KN, Grandi SM, Filion KB, Eisenberg MJ. Late and very late stent thrombosis in
patients with second-generation drug-eluting stents. Can J Cardiol. 2013;29:1488-94.
Siddiqi OK, Faxon DP. Very late stent thrombosis: current concepts. Curr Opin Cardiol.
2012;27:634-41.

McFadden EP, Stabile E, Regar E, Cheneau E, Ong AT, Kinnaird T, et al. Late thrombosis in
drug-eluting coronary stents after discontinuation of antiplatelet therapy. Lancet. 2004;
364:1519-21.

Rossini R, Baroni M, Musumeci G, Gavazzi A. Oral antiplatelet therapy after drug-eluting stent
implantation: adherence and side-effects. J Cardiovasc Med (Hagerstown). 2013;14: 81-90.
Dehmer GJ, Smith KJ. Drug-eluting coronary artery stents. Am Fam Physician. 2009;
80:1245-51.

Jansen F, Yang X, Hoelscher M, Cattelan A, Schmitz T, Proebsting S, et al. Endothelial
microparticle-mediated transfer of MicroRNA-126 promotes vascular endothelial cell repair
via SPRED1 and is abrogated in glucose-damaged endothelial microparticles. Circulation.
2013;128:2026-38.

Deb A, Patterson C. Hard luck stories: the reality of endothelial progenitor cells continues to
fall short of the promise. Circulation. 2010;121:850-2.

Hagensen MK, Shim J, Thim T, Falk E, Bentzon JF. Circulating endothelial progenitor cells
do not contribute to plaque endothelium in murine atherosclerosis. Circulation. 2010;121:
898-905.

Jansen F, Yang X, Proebsting S, Hoelscher M, Przybilla D, Baumann K, et al. MicroRNA
expression in circulating microvesicles predicts cardiovascular events in patients with coro-
nary artery disease. ] Am Heart Assoc. 2014;3, e001249.

Santulli G. Angiogenesis: insights from a systematic overview. New York: Nova Science;
2013.

Zhuang G, Wu X, Jiang Z, Kasman I, Yao J, Guan Y, et al. Tumour-secreted miR-9 promotes
endothelial cell migration and angiogenesis by activating the JAK-STAT pathway. EMBO
J.2012;31:3513-23.

Qin B, Yang H, Xiao B. Role of microRNAs in endothelial inflammation and senescence.
Mol Biol Rep. 2012;39:4509-18.

Kumar S, Kim CW, Simmons RD, Jo H. Role of flow-sensitive microRNAs in endothelial
dysfunction and atherosclerosis: mechanosensitive athero-miRs. Arterioscler Thromb Vasc
Biol. 2014;34:2206-16.

Zhou Q, Gallagher R, Ufret-Vincenty R, Li X, Olson EN, Wang S. Regulation of angiogen-
esis and choroidal neovascularization by members of microRNA-23~27~24 clusters. Proc
Natl Acad Sci U S A. 2011;108:8287-92.

Nicoli S, Standley C, Walker P, Hurlstone A, Fogarty KE, Lawson ND. MicroRNA-mediated
integration of haemodynamics and Vegf signalling during angiogenesis. Nature. 2010;464:
1196-200.

Ye X, Hemida MG, Qiu Y, Hanson PJ, Zhang HM, Yang D. MiR-126 promotes coxsackievi-
rus replication by mediating cross-talk of ERK1/2 and Wnt/beta-catenin signal pathways.
Cell Mol Life Sci. 2013;70:4631-44.

Taverna S, Amodeo V, Saieva L, Russo A, Giallombardo M, De Leo G, et al. Exosomal
shuttling of miR-126 in endothelial cells modulates adhesive and migratory abilities of
chronic myelogenous leukemia cells. Mol Cancer. 2014;13:169.



74

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

G. Santulli

Liu LY, Wang W, Zhao LY, Guo B, Yang J, Zhao XG, et al. Mir-126 inhibits growth of SGC-
7901 cells by synergistically targeting the oncogenes PI3KR2 and Crk, and the tumor sup-
pressor PLK?2. Int J Oncol. 2014;45:1257-65.

Wang Z, Yin B, Wang B, Ma Z, Liu W, Lv G. MicroRNA-210 promotes proliferation and
invasion of peripheral nerve sheath tumor cells targeting EFNA3. Oncol Res. 2013;21:
145-54.

Menghini R, Casagrande V, Cardellini M, Martelli E, Terrinoni A, Amati F, et al. MicroRNA
217 modulates endothelial cell senescence via silent information regulator 1. Circulation.
2009;120:1524-32.

Kim J, Kang Y, Kojima Y, Lighthouse JK, Hu X, Aldred MA, et al. An endothelial apelin-
FGF link mediated by miR-424 and miR-503 is disrupted in pulmonary arterial hypertension.
Nat Med. 2013;19:74-82.

Katz G, Pobezinsky LA, Jeurling S, Shinzawa M, Van Laethem F, Singer A. T cell receptor
stimulation impairs IL-7 receptor signaling by inducing expression of the microRNA miR-17
to target Janus kinase 1. Sci Signal. 2014;7:ra83.

Jin C,Zhao 'Y, Yu L, Xu S, Fu G. MicroRNA-21 mediates the rapamycin-induced suppression
of endothelial proliferation and migration. FEBS Lett. 2013;587:378-85.

Zhou J, Wang KC, Wu W, Subramaniam S, Shyy JY, Chiu JJ, et al. MicroRNA-21 targets
peroxisome proliferators-activated receptor-alpha in an autoregulatory loop to modulate
flow-induced endothelial inflammation. Proc Natl Acad Sci U S A. 2011;108:10355-60.
Fiedler J, Jazbutyte V, Kirchmaier BC, Gupta SK, Lorenzen J, Hartmann D, et al.
MicroRNA-24  regulates vascularity after myocardial infarction. Circulation.
2011;124:720-30.

Zhou Q, Anderson C, Zhang H, Li X, Inglis F, Jayagopal A, et al. Repression of choroidal
neovascularization through actin cytoskeleton pathways by microRNA-24. Mol Ther. 2014;
22:378-89.

Ohyagi-Hara C, Sawada K, Kamiura S, Tomita Y, Isobe A, Hashimoto K, et al. miR-92a
inhibits peritoneal dissemination of ovarian cancer cells by inhibiting integrin alpha5 expres-
sion. Am J Pathol. 2013;182:1876-89.

Chen Z, Wen L, Martin M, Hsu CY, Fang L, Lin FM, et al. Oxidative stress activates endo-
thelial innate immunity via sterol regulatory element binding protein 2 (SREBP2) transacti-
vation of microRNA-92a. Circulation. 2015;131:805-14.

Chan YC, Khanna S, Roy S, Sen CK. miR-200b targets Ets-1 and is down-regulated by
hypoxia to induce angiogenic response of endothelial cells. J Biol Chem. 2011;286:2047-56.
Pecot CV, Rupaimoole R, Yang D, Akbani R, Ivan C, Lu C, et al. Tumour angiogenesis regu-
lation by the miR-200 family. Nat Commun. 2013;4:2427.

Liu X, Cheng Y, Yang J, Xu L, Zhang C. Cell-specific effects of miR-221/222 in vessels:
molecular mechanism and therapeutic application. J Mol Cell Cardiol. 2012;52:245-55.
Nicoli S, Knyphausen CP, Zhu LJ, Lakshmanan A, Lawson ND. miR-221 is required for
endothelial tip cell behaviors during vascular development. Dev Cell. 2012;22:418-29.
Poliseno L, Tuccoli A, Mariani L, Evangelista M, Citti L, Woods K, et al. MicroRNAs modu-
late the angiogenic properties of HUVECs. Blood. 2006;108:3068-71.

Patella F, Leucci E, Evangelista M, Parker B, Wen J, Mercatanti A, et al. MiR-492 impairs the
angiogenic potential of endothelial cells. J Cell Mol Med. 2013;17:1006-15.

Welten SM, Bastiaansen AJ, de Jong RC, de Vries MR, Peters EA, Boonstra MC, et al.
Inhibition of 1432 microRNAs miR-329, miR-487b, miR-494, and miR-495 increases neo-
vascularization and blood flow recovery after ischemia. Circ Res. 2014;115:696-708.
Santulli G. Coronary heart disease risk factors and mortality. JAMA. 2012;307:1137.
Santulli G. Epidemiology of cardiovascular disease in the 21st century: updated numbers and
updated facts. J Cardiovasc Dis (JCvD). 2013;1:1-2.

Weintraub WS, Daniels SR, Burke LE, Franklin BA, Goff Jr DC, Hayman LL, et al. Value of
primordial and primary prevention for cardiovascular disease: a policy statement from the
American Heart Association. Circulation. 2011;124:967-90.



4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 5

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G, et al. Heart dis-
ease and stroke statistics—2010 update: a report from the American Heart Association.
Circulation. 2010;121:e46-215.

Stefanini GG, Holmes Jr DR. Drug-eluting coronary-artery stents. N Engl J Med. 2013;368:
254-65.

Rao PS, Thapar MK, Kutayli F. Causes of restenosis after balloon valvuloplasty for valvular
pulmonary stenosis. Am J Cardiol. 1988;62:979-82.

Friedman SG. Charles dotter: interventional radiologist. Radiology. 1989;172:921-4.
Gruentzig AR. Percutaneous transluminal coronary angioplasty. Semin Roentgenol. 1981;16:
152-3.

Meier B, Gruentzig AR, Goebel N, Pyle R, von Gosslar W, Schlumpf M. Assessment of
stenoses in coronary angioplasty. Inter- and intraobserver variability. Int J Cardiol. 1983;3:
159-69.

Nobuyoshi M, Kimura T, Nosaka H, Mioka S, Ueno K, Yokoi H, et al. Restenosis after suc-
cessful percutaneous transluminal coronary angioplasty: serial angiographic follow-up of
229 patients. J] Am Coll Cardiol. 1988;12:616-23.

Holmes Jr DR, Vlietstra RE, Smith HC, Vetrovec GW, Kent KM, Cowley MJ, et al. Restenosis
after percutaneous transluminal coronary angioplasty (PTCA): a report from the PTCA reg-
istry of the National Heart, Lung, and Blood Institute. Am J Cardiol. 1984;53:77C-81.
Sigwart U, Puel J, Mirkovitch V, Joffre F, Kappenberger L. Intravascular stents to prevent
occlusion and restenosis after transluminal angioplasty. N Engl J Med. 1987;316:701-6.
Serruys PW, de Jaegere P, Kiemeneij F, Macaya C, Rutsch W, Heyndrickx G, et al. A com-
parison of balloon-expandable-stent implantation with balloon angioplasty in patients with
coronary artery disease. Benestent Study Group. N Engl J Med. 1994;331:489-95.
Fischman DL, Leon MB, Baim DS, Schatz RA, Savage MP, Penn I, et al. A randomized
comparison of coronary-stent placement and balloon angioplasty in the treatment of coronary
artery disease. Stent Restenosis Study Investigators. N Engl J Med. 1994;331:496-501.
Marx SO, Totary-Jain H, Marks AR. Vascular smooth muscle cell proliferation in restenosis.
Circ Cardiovasc Interv. 2011;4:104-11.

Park YM, Febbraio M, Silverstein RL. CD36 modulates migration of mouse and human
macrophages in response to oxidized LDL and may contribute to macrophage trapping in the
arterial intima. J Clin Invest. 2009;119:136-45.

Suzuki N, Angiolillo DJ, Monteiro C, Shuja S, Futamatsu H, Kawaguchi R, et al. Variable
histological and ultrasonic characteristics of restenosis after drug-eluting stents. Int J Cardiol.
2008;130:444-8.

Jukema JW, Verschuren JJW, Ahmed TAN, Quax PH. Restenosis after PCI. Part 1: patho-
physiology and risk factors. Nat Rev Cardiol. 2012;9:53-62.

Marks AR. Sirolimus for the prevention of in-stent restenosis in a coronary artery. N Engl
J Med. 2003;349:1307-9.

Santulli G, Totary-Jain H. Tailoring mTOR-based therapy: molecular evidence and clinical
challenges. Pharmacogenomics. 2013;14:1517-26.

Moses JW, Leon MB, Popma JJ, Fitzgerald PJ, Holmes DR, O’Shaughnessy C, et al.
Sirolimus-eluting stents versus standard stents in patients with stenosis in a native coronary
artery. N Engl J Med. 2003;349:1315-23.

Stone GW, Ellis SG, Cox DA, Hermiller J, O’Shaughnessy C, Mann JT, et al. A polymer-
based, paclitaxel-eluting stent in patients with coronary artery disease. N Engl J Med.
2004;350:221-31.

Rollini F, Aprile A, Politi L, Sangiorgi GM. Evaluation of re-endothelization extent at mid-
term follow-up after drug eluting balloon plus bare metal stent implantation during primary
coronary angioplasty: insight from OCT imaging. Minerva Cardioangiol. 2011;59:109-12.
Jakabcin J, Bystron M, Spacek R, Veselka J, Kvasnak M, Kala P, et al. The lack of endothe-
lization after drug-eluting stent implantation as a cause of fatal late stent thrombosis.
J Thromb Thrombolysis. 2008;26:154-8.



76

224.

225.

226.

2217.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

G. Santulli

Tamburino C, Ussia GP, Zimarino M, Galassi AR, De Caterina R. Early restenosis after
drug-eluting stent implantation: a putative role for platelet activation. Can J Cardiol. 2007;23:
57-9.

Wijns WC, Krucoff MW. Increased mortality after implantation of first generation drug-
eluting stents: seeing the smoke, where is the fire? Eur Heart J. 2006;27:2737-9.

Joner M, Finn AV, Farb A, Mont EK, Kolodgie FD, Ladich E, et al. Pathology of drug-eluting
stents in humans: delayed healing and late thrombotic risk. ] Am Coll Cardiol. 2006;48:
193-202.

Cassese S, Kastrati A. New-generation drug-eluting stents for patients with myocardial
infarction. JAMA. 2012;308:814-5.

Moss SC, Lightell Jr DJ, Marx SO, Marks AR, Woods TC. Rapamycin regulates endothelial
cell migration through regulation of the cyclin-dependent kinase inhibitor p27Kipl. J Biol
Chem. 2010;285:11991-7.

Lange RA, Hillis LD. Second-generation drug-eluting coronary stents. N Engl J Med.
2010;362:1728-30.

Sun J, Marx SO, Chen HJ, Poon M, Marks AR, Rabbani LE. Role for p27(Kip1) in vascular
smooth muscle cell migration. Circulation. 2001;103:2967-72.

Poon M, Marx SO, Gallo R, Badimon JJ, Taubman MB, Marks AR. Rapamycin inhibits
vascular smooth muscle cell migration. J Clin Invest. 1996;98:2277-83.

Wenaweser P, Daemen J, Zwahlen M, van Domburg R, Juni P, Vaina S, et al. Incidence and
correlates of drug-eluting stent thrombosis in routine clinical practice. 4-year results from a
large 2-institutional cohort study. J Am Coll Cardiol. 2008;52:1134—40.

Kipshidze N, Dangas G, Tsapenko M, Moses J, Leon MB, Kutryk M, et al. Role of the endo-
thelium in modulating neointimal formation: vasculoprotective approaches to attenuate reste-
nosis after percutaneous coronary interventions. J Am Coll Cardiol. 2004;44:733-9.

Yu PJ, Ferrari G, Pirelli L, Gulkarov I, Galloway AC, Mignatti P, et al. Vascular injury and
modulation of MAPKs: a targeted approach to therapy of restenosis. Cell Signal.
2007;19:1359-71.

Torella D, Gasparri C, Ellison GM, Curcio A, Leone A, Vicinanza C, et al. Differential regula-
tion of vascular smooth muscle and endothelial cell proliferation in vitro and in vivo by cAMP/
PKA-activated p85alphaPI3K. Am J Physiol Heart Circ Physiol. 2009;297:H2015-25.

Davis BN, Hilyard AC, Nguyen PH, Lagna G, Hata A. Induction of microRNA-221 by
platelet-derived growth factor signaling is critical for modulation of vascular smooth muscle
phenotype. J Biol Chem. 2009;284:3728-38.

Cheng Y, Liu X, Yang J, Lin Y, Xu DZ, Lu Q, et al. MicroRNA-145, a novel smooth muscle
cell phenotypic marker and modulator, controls vascular neointimal lesion formation. Circ
Res. 2009;105:158-66.

McDonald RA, Halliday CA, Miller AM, Diver LA, Dakin RS, Montgomery J, et al.
Reducing in-stent restenosis: therapeutic manipulation of miRNA in vascular remodeling and
inflammation. J Am Coll Cardiol. 2015;65:2314-27.

van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, et al.
Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in cardiac
fibrosis. Proc Natl Acad Sci U S A. 2008;105:13027-32.

Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, et al. MicroRNA-133 controls
cardiac hypertrophy. Nat Med. 2007;13:613-8.

Lin Z, Murtaza I, Wang K, Jiao J, Gao J, Li PF. miR-23a functions downstream of NFATc3
to regulate cardiac hypertrophy. Proc Natl Acad Sci U S A. 2009;106:12103-8.

Bonauer A, Carmona G, Iwasaki M, Mione M, Koyanagi M, Fischer A, et al. MicroRNA-92a
controls angiogenesis and functional recovery of ischemic tissues in mice. Science.
2009;324:1710-3.

Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M, et al. MicroRNA-21 contributes
to myocardial disease by stimulating MAP kinase signalling in fibroblasts. Nature. 2008;456:
980-4.



4 microRNAs Distinctively Regulate Vascular Smooth Muscle and Endothelial Cells... 77

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M, et al. Silencing of
microRNAs in vivo with ‘antagomirs’. Nature. 2005;438:685-9.

Weiler J, Hunziker J, Hall J. Anti-miRNA oligonucleotides (AMOs): ammunition to target
miRNAs implicated in human disease? Gene Ther. 2006;13:496-502.

Stenvang J, Kauppinen S. MicroRNAs as targets for antisense-based therapeutics. Expert
Opin Biol Ther. 2008;8:59-81.

Baumann V, Winkler J. miRNA-based therapies: strategies and delivery platforms for
oligonucleotide and non-oligonucleotide agents. Future Med Chem. 2014;6:1967-84.
Zhang Y, Wang Z, Gemeinhart RA. Progress in microRNA delivery. J Control Release.
2013;172:962-74.

Luck ME, Muljo SA, Collins CB. Prospects for therapeutic targeting of MicroRNAs in
human immunological diseases. J Immunol. 2015;194:5047-52.

Muthiah M, Park IK, Cho CS. Nanoparticle-mediated delivery of therapeutic genes: focus on
miRNA therapeutics. Expert Opin Drug Deliv. 2013;10:1259-73.

Puricel S, Arroyo D, Corpataux N, Baeriswyl G, Lehmann S, Kallinikou Z, et al. Comparison
of everolimus- and biolimus-eluting coronary stents with everolimus-eluting bioresorbable
vascular scaffolds. J Am Coll Cardiol. 2015;65:791-801.

Sato K, Latib A, Panoulas VF, Kawamoto H, Naganuma T, Miyazaki T, et al. Procedural
feasibility and clinical outcomes in propensity-matched patients treated with bioresorbable
scaffolds vs new-generation drug-eluting stents. Can J Cardiol. 2015;31:328-34.

Raungaard B, Jensen LO, Tilsted HH, Christiansen EH, Maeng M, Terkelsen CJ, et al.
Zotarolimus-eluting durable-polymer-coated stent versus a biolimus-eluting biodegradable-
polymer-coated stent in unselected patients undergoing percutaneous coronary intervention
(SORT OUT VI): a randomised non-inferiority trial. Lancet. 2015;385:1527-35.

Karanasos A, Simsek C, Gnanadesigan M, van Ditzhuijzen NS, Freire R, Dijkstra J, et al.
OCT assessment of the long-term vascular healing response 5 years after everolimus-eluting
bioresorbable vascular scaffold. J] Am Coll Cardiol. 2014;64:2343-56.

Muthiah M, Islam MA, Cho CS, Hwang JE, Chung 1J, Park IK. Substrate-mediated delivery
of microRNA-145 through a polysorbitol-based osmotically active transporter suppresses
smooth muscle cell proliferation: implications for restenosis treatment. J Biomed
Nanotechnol. 2014;10:571-9.



Chapter 5
Mechanistic Role of MicroRNAs in Coupling
Lipid Metabolism and Atherosclerosis

Jan Novak, Veronika Olejnickova, Nikola Tkacova, and Gaetano Santulli

Abstract MicroRNAs (miRNAs, miRs) represent a group of powerful and versatile
posttranscriptional regulators of gene expression being involved in the fine control of
a plethora of physiological and pathological processes. Besides their well-established
crucial roles in the regulation of cell cycle, embryogenesis or tumorigenesis, these
tiny molecules have also been shown to participate in the regulation of lipid metabo-
lism. In particular, miRs orchestrate cholesterol and fatty acids synthesis, transport,
and degradation and low-density and high-density lipoprotein (LDL and HDL) for-
mation. It is thus not surprising that they have also been reported to affect the devel-
opment and progression of several lipid metabolism-related disorders including liver
steatosis and atherosclerosis. Mounting evidence suggests that miRs might represent
important “posttranscriptional hubs” of lipid metabolism, which means that one miR
usually targets 3’-untranslated regions of various mRNAs that are involved in differ-
ent steps of one precise metabolic/signaling pathway, e.g., one miR targets mRNAs
of enzymes important for cholesterol synthesis, degradation, and transport. Therefore,
changes in the levels of one key miR affect various steps of one pathway, which is
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thereby promoted or inhibited. This makes miRs potent future diagnostic and even
therapeutic tools for personalized medicine. Within this chapter, the most prominent
microRNAs involved in lipid metabolism, e.g., miR-27a/b, miR-33/33*, miR-122,
miR-144, or miR-223, and their intracellular and extracellular functions will be
extensively discussed, in particular focusing on their mechanistic role in the patho-
physiology of atherosclerosis. Special emphasis will be given on miR-122, the first
microRNA currently in clinical trials for the treatment of hepatitis C and on miR-
223, the most abundant miR in lipoprotein particles.

Keywords Lipid metabolism « HDL ¢ LDL ¢ Cholesterol ¢ Atherosclerosis ®* miR-
33 e miR-122 * miR-223

Introduction

Lipid metabolism is a multifaceted process including lipid synthesis from their
basic components (i.e., basically acetyl-CoA), accumulation, distribution to specific
tissues of the organism, and also degradation and excretion [1]. The complex
machinery of lipid metabolism is driven by a set of step-limiting enzymes and trans-
porters that are finely modulated according to the needs of the organisms [2]. The
discovery that these crucial components are targeted by microRNAs (miRNAs,
miRs) grabbed our attention towards the exploiting of miRs as regulators of lipid
metabolism with subsequent potential use in the treatment of lipid metabolism-
related disorders, including dyslipidemia, atherosclerosis, and nonalcoholic fatty
liver disease [1, 3, 4]. Within this chapter, we will provide a basic overview of the
most important components of lipid and lipoprotein metabolism and then we will
more deeply focus on the functional role of key miRs.

Lipid Metabolism in the Nutshell

Acetyl-CoA represents a well-established precursor molecule for both cholesterol
and fatty acids synthesis. Depending on the cholesterol status, i.e., low- or high-
cholesterol levels, metabolic pathways leading to cholesterol or fatty acids synthe-
sis, respectively, are activated alongside with pathways leading to cholesterol uptake
or efflux. Sterol regulatory element binding proteins (SREBPs) [5, 6] and liver X
receptors (LXRs) [7] are among the most important modulators of such processes.
Three SREBPs have been identified hitherto, namely SREBP-1a, SREBP-1c (two
isoforms originating from SREBP-I gene), and SREBP-2 (originating from
SREBP-2 gene), whereas two LXRs isoforms (LXRa and LXRp) are known [5-7].

If the cholesterol level is low, SREBP-2 is activated, leading to upregulation of
critical enzymes involved in cholesterol synthesis (about 20 various steps and reac-
tions), with 3-hydroxy-3-methylglutaryl-coenzyme-A reductase (HMGCoA-R)
representing the rate-limiting enzyme. Furthermore, the expression of low-density
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lipoprotein receptor (LDLr) is upregulated both by SREBP-2 and SREBP-1a, thus
enhancing cholesterol uptake [8].

Conversely, high cholesterol level triggers the activation of LXRs, which forms
heterodimers with retinoid X receptors (RXRs) and subsequently activates genes
involved in cholesterol efflux and also SREBP-1c, which further promotes forma-
tion of triglycerides and phospholipids with, e.g., fatty acid synthase (FAS) being
one of the designed targets [7]. Furthermore, if there is too much cholesterol in the
cell, HMGCoA-R and LDLr levels are downregulated in order to prevent choles-
terol accumulation [7, 8].

Another way to affect cholesterol uptake is via scavenger receptors that bind
LDL and modified oxidized LDL (oxLLDL) [9]. Last but not least, cholesterol can be
partly excreted from the organism as bile acids. Intriguingly, bile acids themselves
were recently shown to act as signaling molecules via specific binding of farnesoid
X receptor (FXR) [10]. Once FXR is activated, it creates heterodimers with RXRs
which in turn further activate expression of enzymes involved in cholesterol degra-
dation and excretion [10].

MicroRNAs Involvement in Lipid Metabolism

MicroRNAs act as negative posttranscriptional regulators of gene expression affect-
ing also the expression of genes involved in lipid metabolism [1, 3]. One miR usually
targets more mRINAs that are often connected in the same metabolic pathway and via
their targets, miRs are also able to regulate expression of many other miRs [11, 12].
Moreover, each mRNA is usually targeted via several miRs, thus enabling a fine-
tuning of the targeted mRNA expression [11, 13]. Some miRs show pleiotropic
expression in almost all tissues, while others act more in a tissue-dependent manner
[12, 14, 15]. Additionally, during their biogenesis, miRs can be transcribed as indi-
vidual miRs from their genes having their own promoters, but quite often, they are
embedded within the introns of the protein coding genes being transcribed together
with their host [16—18], as outlined in detail in Chaps. 1 and 2 of this book. Moreover,
during the last step of miR maturation, miR duplex is dissociated giving rise to
mature miR and passenger miR* strand. Initially, only mature miRs were believed
able to exert a function while passengers strands were simply degraded; however, it
has been shown that even passenger miR* strand can exert crucial functions [19].
Furthermore, overcoming the borders of the cell membrane, miRs can be found also
in extracellular fluids either bound to proteins or being packaged in microvesicles/
exosomes and also in lipoprotein particles—as such, miRs may serve as stable bio-
markers and also as novel means of intercellular communication [20, 21].

The most abundant miR in the liver, miR-122, is involved in countless metabolic
pathways within the hepatocytes, reflects liver damage if present in serum/plasma,
and is mechanistically involved in the pathogenesis of hepatitis C virus infection by
targeting its 5-UTR [22-25]. Another key lipid metabolism miR, miR-33, was found
to be hidden within the SREBP genes—miR-33a/33a* in the SREBP-2 gene and miR-
33b/33b* within the SREBP-1 gene [18]. Interestingly, both mature and passenger
strands of miR-33 have been shown to affect lipid and even glucose metabolism [19].
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Last but not least, miR-223, besides affecting lipid metabolism on the cellular level, is
the best example of miR highly abundant in HDL particles [26], microvesicles and
exosomes [27] and even platelets [28]. The exact roles of the three abovementioned
and other miRs will be described in more detail in this chapter. Returning to key regu-
latory molecules of lipid metabolism, i.e., SREBP, LXR, RXR, and FXR, various
miRs have been shown to control their expression (Fig. 5.1). In particular, SREBP
was predicted and confirmed to be targeted by miR-122 [4, 29]. In prostate cancer
tumor cells, miR-185/342 was shown to target SREBP, which, alongside with a
decrease in tumorigenicity, led also to downregulation of SREBP-targeted genes, i.e.,
fatty acid synthase (FASN) and HMGCoA-R [30]. Importantly, miR-185 was shown
to significantly decrease SREBP-2 level, while expression of miR-185 itself is regu-
lated by SREBP-1c [30], creating an autoregulatory loop. Other miRs targeting
SREBP were also identified in osteosarcoma cell lines (miR-29a) and adrenal glands
(miR-132) [31]. All of these miRs represent potentially strong modulators of lipid,
and generally of the overall metabolism of the cell.

LXRa was revealed to be targeted by miR-613 whose upregulation caused inhi-
bition of lipogenesis in HepG2 cells [32] and also triggered lipid accumulation, i.e.,
decreased cholesterol efflux, in THP1 macrophages (this effect was partly shown to
be mediated by targeting ABCA1) [33]. Mice lacking miR-155, another miR target-
ing LXRa, exhibited increased cholesterol accumulation in the liver resulting in
hepatic steatosis [34]. Conversely to miR-613, miR-206 has been shown to target
LXRa; however, miR-206 increase promotes cholesterol efflux from THP macro-
phages [35]. LXR increases the expression of miR-613 [36] and decreases the
expression of miR-206 [35] in another autoregulatory feedback loop.

Looking one step above LXR and SREBP, expression of both genes was shown
to be regulated by sirtuin 1 (SIRT1) [37, 38], which is a member of the sirtuin fam-
ily of deacetylases involved in the regulation of innumerable cellular processes,
including cellular metabolism [39]. SIRT1 increases the level of LXR [38] and
decreases SREBP [40]; remarkably, SIRT1 itself is targeted by miR-34a [41, 42],
miR-132 [43], miR-204-5p [44], miR-499 [45], and many others.

FXR was shown to be targeted by miR-92 [46] and miR-412 [47] in gastric can-
cer and hepatocellular carcinoma cells, respectively, promoting proliferation and
invasiveness of both tumors. FXR negatively regulates the expression of several
miRs (e.g., miR-199-3a [48] or 29a [49]) and such a negative regulation seems to be
beneficiary—downregulation of FXR in human tumors is thus predictive for worse
patient prognosis [46, 47]. In the context of lipid regulation, FXR was shown to
upregulate the expression of miR-144, one of the ABCAI regulators, resulting in
cholesterol accumulation within the cells [50]. Further investigations are definitely
needed to reveal all FRX-regulating and FXR-regulated miRs.

Fig. 5.1 (continued) AMP-activated protein kinase, ACC acyl-CoA carboxylase, GPAM mito-
chondrial glycerol-3-phosphate, GPC-6 glucose-6-phosphatase, PCK! phosphoenolpyruvate car-
boxykinase; /RS-2 insulin receptor substrate 2, ALDO-A aldolase A, ApoE3 apolipoprotein E3,
ApoAl apolipoprotein A1, ANGPTL3 angiopoietin-like 3, PPAR peroxisome proliferator-activated
receptor «, CEBP CCAAT/enhancer-binding protein o
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Fig. 5.1 MicroRNA:s in lipid metabolism. The figure summarizes the main miRs involved in lipid
metabolism. Blunted arrows represent inhibition, classical arrows represent activation. miRs are
marked in circles, their targets are marked in squares. Detailed description is provided in the text.
FXR Farnesoid X receptor, SREBP sterol regulatory element binding protein, LXR liver X receptor,
RXR retinoid X receptor, miR microRNA, RT reverse transport; ABCAI ATP-binding cassette
transporter A1, ABCG1 ATP-binding cassette transporter G1, ABCB11 ATP-binding cassette, sub-
family B member 11, LDLR low density lipoprotein receptor, SR-IB scavenger receptor type I class
B, HMGCoA-R hydroxymethyl-glutaryl coenzyme A reductase, MSMOI methylsterol monooxy-
genase 1, FASN fatty acid synthase, NFYH nuclear transcription factor Y, RIP-140 receptor-
interacting protein 140, SRC steroid receptor coactivator, CPTIA carnitine palmitoyltransferase
1A, HADBH hydroxyacyl-CoA-dehydrogenase, CROT carnitine O-octaniltransferase, AMPK
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Lastly, RXRa is targeted by miR-34a [51] (similarly to LXRax [41, 42]) and by
miR128-2 [52]. Looking at other fundamental molecules, also LDLR expression
was shown to be targeted by miR-214 [53], while other miRs (miR-125a and miR-
455 [54]) regulate scavenger receptor class B type I (SR-BI) expression. Other mol-
ecules involved in lipid metabolism besides those mentioned in previous paragraphs
are also regulated by miRs (e.g., MTP, protein important for lipoprotein formation,
is regulated by miR-30c [55], or Lectin-like oxidized LDL receptor-1 (LOX-1), one
of the scavenger receptors, is targeted by let-7g [56]). Collectively, these data sug-
gest a strong potential of miRs in the posttranscriptional regulation of lipid
metabolism-related genes and prompt potential usage of selected miRs as tools to
monitor and treat metabolic, cardiovascular and especially cardiometabolic disor-
ders, including atherosclerosis [57].

miR-33a/b: In the Center of Metabolic Pathways

Expression of miR-33a/b

As mentioned above, miR-33 family comprises two members named miR-33a and
miR-33b, embedded within the intron 16 of SREBP-2 and intron 17 of SREBP-1
genes [58, 59], respectively. Similarly to the majority of intronic miRs, miR-33a/b
expression is coordinated with the expression of the host genes [60]. However,
unlike many other miRs, in the case of miR-33 both strands are used in mRNA tar-
geting; indeed following pre-miR-33 dicing, miR-33 and miR-33* are formed and
both miRs create RISCs with Ago proteins, subsequently resulting in suppression of
genes involved in lipid metabolism [19].

miR-33a/b in Cholesterol Metabolism and Atherosclerosis

miR33a/b have been shown to target multiple genes involved in individual steps of
cholesterol metabolism, particularly in reverse cholesterol transport from peripheral
tissues and cholesterol excretion into the bile. ATP-binding cassette (ABC) transporter
Al, ABCAL, was confirmed as miR-33 target in various animal models and cell lines.
As a direct consequence of ABCALI targeting, cholesterol accumulation or cholesterol
efflux into Apo-Al (with subsequent HDL formation) occurs, depending on whether
miR-33 levels are upregulated or downregulated, respectively [18, 19, 58-65].
Antagonism of miR-33 in experimental animal models generally results in increased
cholesterol efflux to ApoAl, thus increasing serum HDL and decreasing cholesterol
levels in peripheral tissues, especially in peripheral macrophages (and atherosclerotic
plaques), where also ABCGI targeting has been ascertained to affect reverse choles-
terol transport [58, 59]. The overall result is increased plaque stability, improved blood
lipid profile, and inhibition of atherosclerosis progression [19, 62-64, 66, 67].
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Strikingly, the effects of miR-33 antagonism were observed not only in mice, that have
only one miR-33 isoform (specifically miR-33b) [62, 64, 66, 67], but also in nonhuman
primates, which, similarly to human, express both miR-33 isoforms [19, 63].

Together with ABCA1 and ABCG, the latter one being targeted only in murine
models and not in humans [58, 59], other important cholesterol-related targets have
been identified for miR-33: Nieman-Pick Protein C1 (NPC1), lysosomal protein
involved in the intracellular distribution of cholesterol between lysosomes and other
parts of the cell [19, 68] and ABCB11/ATP8B1 transporters that are both responsi-
ble for cholesterol excretion in the bile [65]. Inhibition of miR-33 thus also causes
increased cholesterol secretion into the bile, thereby lowering cholesterol levels—a
strategy that would be of potential use in the clinical scenario in patients with
hypercholesterolemia.

miR-33a/b in Fatty Acids Metabolism

Various studies revealing the role of miR-33 in lipid metabolism further focused on
miR-33 targets involved in fatty acids synthesis and oxidation [18, 19, 63]. The first
identified targets include three important enzymes critical for B-oxidation: carnitine-
O-octanoyltransferase (CROT), carnitine palmitoyltransferase 1A (CPT1A), and
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase
beta subunit (HADHB) [18, 19]. Other targets were then identified in studies con-
ducted on nonhuman primates, where therapeutic inhibition of miR-33, except of its
known effect on HDL and LDL levels, also affected VLDL and circulating triglycer-
ides level, a phenotype that was not observed in mice [63]. This was partly caused by
activation of p-oxidation (through previously identified CROT, CPT1A, HADHB,
and the novel target protein kinase AMP-activated ol (PRKAA1)) and inhibition of
fatty acid synthesis (by targeting fatty acid synthase (FAS), ATP citrate lyase (ACLY),
or Acetyl-CoA carboxylase 1 (ACACA)) [63]. Hypothetically, targeting Sirtuin-6
(SIRT6), a protein known to be involved in triglycerides metabolism, by miR-33
may also affect triglycerides metabolism [69], similarly to targeting AMPKa, which
is known to stimulate f-oxidation and even ketogenesis in the liver [69].

To sum it up, inhibition of miR-33a increases -oxidation and decreases fatty
acid synthesis, eventually resulting in ameliorated circulating lipids profile, slowing
down the progression of atherosclerosis. These findings may result in the introduc-
tion of anti-miR-33 specific treatment in the future.

miR-33 in Glucose and Energy Metabolism

Captivatingly, also glucose metabolism, insulin signaling, and energy metabolism
were shown to be affected in anti-miR-33 treated cells. Ramirez and colleagues
identified phosphoenolpyruvate carboxykinase (PCK1) and glucose-6-phosphatase
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(G6PC) as miR-33 putative targets. Both of these enzymes are essential for hepatic
gluconeogenesis [70]. Another putative target, insulin receptor substrate-2 (IRS-
2), was confirmed as miR-33 target by Fernandez-Hernando’s group [19]—IRS-2,
together with IRS-1, are both important for transduction of insulin signaling over
the cell membrane and their blockade thus interferes with insulin effects on the
cells [71].

Recently, miR-33 function was also studied in pancreatic islets, unveiling that it
induces cholesterol accumulation by targeting ABCA1 [72]. Cholesterol accumula-
tion further leads to a decrease in glucose-stimulated insulin secretion, supporting a
connection among miR-33 function, hypercholesterolemia, pancreatic p cell dys-
function, and insulin resistance [72]. A thorough overview of miR and f cell dynam-
ics is presented in Chap. 6. Most recently, miR-33 was clearly shown to be involved
in the pathophysiology of atherosclerosis (as expected considering its roles in lipid
metabolism and macrophage function) [73]. Moreover, it represents a major regula-
tor of cell cycle [74] and is also involved in the self-renewal of hematopoietic stem
cells via p53 targeting [75].

miR-122: Liver-Specific miR with Pleiotropic Effect
on Hepatic Functions

Regulation of miR-122 Expression

In 2002, miR-122 was identified as a liver-specific miR, representing approximately
70 % of all liver miRs [14]. During embryogenesis, level of miR-122 rapidly
increases and around 50,000 copies are present in the average hepatic cell before
birth [76]. In humans, miR-122 is located on chromosome 18 (hr18:54269286—
54269370, NCBI36/hgl) and initially it was suggested that miR-122 was tran-
scribed from the hcr gene which encodes for the noncoding RNA in the woodchuck
(gi: 51212); however, a 7506 bps long primary transcript was further described as a
primary sequence for miR-122 [77]. Furthermore, hepatocyte nuclear factor 4a
(HNF4alfa) was shown to regulate miR-122 expression by binding to the promoter
region of this primary transcript [77]. Other regulatory factors include Rev-ERB2a,
an orphan nuclear receptor that is responsible for circadian variation of miR-122
levels; however, circadian rhythmicity does not seem to significantly affect miR-
122 function [78]. Of note, miR-370, which transfection is known to alter triglycer-
ides accumulation in the liver, positively regulates miR-122 expression [29]. Last
but not least, miR-122 is regulated at posttranscriptional level by 3’adenylation.
Indeed, germ line development-2 (GLD-2) knockout animals present with low
hepatic miR-122 levels, a phenotype mainly attributable to the absence of GLD-2-
mediated adenylation and stabilization [79].
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Targets of miR-122 and Lipid Metabolism

Heretofore, studies investigating the roles of miR-122 in lipid metabolism used
either antisense oligonucleotides (ASO) [22, 80, 81] or gene knockout approaches
[25, 82]. Moreover, just indirect measurements (usually gene expression profiling)
are performed to quantify the effects of miR-122 loss. Thus, only a few targets have
been validated and more analyses are needed to reveal whether miR-122 targets
lipid metabolism directly through many targets or indirectly through a few key tar-
gets, such as SREBP [83].

In nonalcoholic steatohepatitis [4] and hepatocellular carcinoma (HCC, [84]),
miR-122 level was found to be downregulated, which contributed to the pathophysi-
ology of both disorders. In knockout animals, the deletion of miR-122 led to accu-
mulation of lipids in the liver (resembling steatohepatitis) and also to increased
fibrosis (resembling cirrhosis) and to formation of tumor-like lesions (resembling
HCC) [25, 82]—the absence of miR-122 thus definitely alters liver metabolism and
makes liver more susceptible to the development of mentioned diseases.

On the other hand, even in the gene knockout animals, level of circulating HDL
and VLDL is lower compared to control animals and this is essentially due to altered
hepatic secretion of these lipoproteins [25, 82]. Similarly, cholesterol levels decrease
after the introduction of ASO [22, 80, 81], even in the African green monkeys in
which also no signs of toxicity connected with locked nucleic acid (LNA) adminis-
tration was observed [81]. Moreover, it was shown that after ASO introduction,
fatty acids and cholesterol synthesis was decreased and liver steatosis was reversed
in high-fat diet-induced obesity model [22].

Indirect targets of miR-122 involved in lipid metabolism were repeatedly sug-
gested including SREBP-1c and SREBP-2 [4, 29], which further makes identifica-
tion of miR-122-related lipid metabolism targets more difficult due to SREBPs
pleiotropic effects on lipid metabolism. Among others let us name fatty acid syn-
thase [4, 22, 29], aldolase-A [80], ATP-citrate lyase (ACLY), acyl-CoA carboxylase
(ACC1, ACC2) [22, 29], HMGCR [4], and many others. Altogether, miR-122 is
predicted to have more than 100 various targets and potential usage of miR-122
antagonism in the treatment of lipid disorders may represent a novel therapeutic
approach in the future after all security issues are solved.

miR-122 in HCV Infection: Miravirsen

Besides the roles of miR-122 in the normal liver functions, its involvement in the
replication of hepatitis C virus resulted in the development of the first miR based
therapeutics called miravirsen, i.e., miR-122 suppression therapy [85, 86].

Within the genome of HCV, there is a conserved SUTR region that was shown to
be targeted by miR-122 [87]. However, although miR binding usually leads to the
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degradation of targeted mRNA, in case of HCV RNA, miR-122 binding is neces-
sary to stabilize this RNA molecule and to promote its replication [86]. Miravirsen
was designed as a 15 nct long LNA-modified anti-miR, and it binds to the 5’UTR of
miR-122 thus inhibiting its function [88].

In the recently performed phase 2a clinical trial involving seven international
centers, miravirsen application led to a decrease in HCV RNA levels and after 14
weeks, viral RNA was even not detected in five patients (out of 36). Moreover, no
adverse events were observed and no escape mutation in HCV genome was detected
[86]. As long as miR-122 binding site in HCV genome seems to be conserved across
HCV genotypes, these results make miravirsen a very promising therapeutic tool
against HCV infection [24].

Circulating miR-122 as a Disease/Damage-Related Biomarker

Besides the therapeutic potential in HCV or dyslipidemia treatment, it was shown
that circulating miR-122 levels are increased in obese patients and that there are
correlations connecting miR-122 levels to BMI, levels of ALT, TG, and HDL-
cholesterol and moreover, after adjustment for confounding factors, elevated miR-
122 levels were shown to be a risk factor for insulin resistance [89]. Similarly,
miR-122 levels are increased in plasma of patients with nonalcoholic steatohepatitis
[90, 91]. Moreover, since circulating miRs may be found in the protein complexes
or in exosomes, Bala and colleagues studied the different liver injury models and
revealed that in inflammatory diseases, miR-122 levels are increased in exosomal
fraction of the plasma, while in drug-induced injury, miR-122 levels are higher
predominantly in protein-fraction suggesting exosomal miR-122 to act as a mean of
intercellular communication [91]. Last but not least, circulating levels of miR-122
are also increased in hyperlipidemia patients and they correlate with the levels of
cholesterol, triglycerides, and LDL-c; in the subset of patients with hyperlipidemia
and coronary artery disease (CAD), miR-122 levels also correlated with CAD sever-
ity [92]. Specificity for circulating miR-122 increase still definitely needs to be
determined; however, in the combination with altered extracellular expression of
other miRs, miR-122 may serve even as a diagnostic or prognostic tool in the future.

miR-223: “The Messenger”’

Regulation of miR-223 Expression

The gene encoding for miR-223 is located on the X-chromosome; miR-223 was origi-
nally connected with the hematopoiesis and the function of granulocytes [93].
Transcription factors regulating miR-223 expression have already been identified and
include transcription factor binding to PU-box 1 (PU.1), CCAAT-enhancer-binding
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proteins o and  (C/EBP o and f), and nuclear factor I-A (NFI-A) [94, 95]. The first two
mentioned transcription factors increase miR-223 expression whereas the third one
decreases miR-223 expression; moreover, NFI-A itself is an miR-223 target, thus creat-
ing a negative regulatory feedback loop [94, 95]. In relation to lipid metabolism, high
intracellular cholesterol levels were also shown to increase miR-223 expression [96].

miR-223 and Lipid Metabolism

Within the cells, miR-223 was described as an important regulator of cholesterol
homeostasis [96] cooperating side by side with miR-122 and miR-33a/b. As men-
tioned above, miR-223 level is increased in the presence of high intracellular cho-
lesterol; in order to prevent cholesterol overload, miR-223 (a) inhibits HDL cellular
uptake via targeting scavenger receptor IB (SR-IB), (b) inhibits cholesterol synthe-
sis by targeting HMGCoA-R and methylsterol monooxygenase 1 (MSMOI1), and
(c) increases cholesterol efflux by targeting Sp3, thus indirectly upregulating levels
of ABCA1 [96]. Similar results were obtained by Wang and colleagues who dem-
onstrated that SR-IB is targeted not only by miR-223, but also by miR-185 and
miR-96 [97].

Intriguingly, miR-223 was shown to be transferred within microvesicles [27, 98]
and within HDL and LDL particles [99]. In particular, miR-223 is one of the most
abundant miRs in HDL particles [99] and is also present in LDL particles, where
one of the most abundant miRs seems to be the inflammation-related miR-155 [26].
From HDL, miR-223 can be transferred to endothelial cells, where miR-223 is not
commonly expressed [99, 100], which may at least partly explain the anti-
inflammatory properties of HDL [101-105]. Namely, miR-223 targets NOD-like
receptor pyrin domain containing 3 (NLRP3) [106] and intercellular adhesion mol-
ecule I (ICAM-1) [100] and downregulation of both these molecules suppresses
endothelial inflammation and reactivity, thereby preventing leukocyte infiltration
and inflammation connected with atherosclerosis [107, 108].

Involvement of miR-223 in Inflammation, Insulin Resistance,
and Platelet Activation

Macrophages and platelets were shown to produce microvesicles/exosomes con-
taining miR-223 and miR-223 was again shown to be transferred to various cells,
regulating posttranscriptionally gene expression [27, 98, 109]. For example, miR-
223 transferred to endothelial cells (HUVECS) increases their apoptosis induced by
advanced glycation products [98]. Interestingly, also gap junctions were described
to enable miR-223 transfer from macrophages to hepatocellular carcinoma cells,
which resulted in inhibition of proliferation [110]. Concerning the potential involve-
ment of miR-223 in the development of insulin resistance, there is evidence proving
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that miR-223~~ mice receiving high-fat diet display profound insulin resistance and
increased adipose tissue inflammation compared with wild-type animals on high-fat
diet [111]. One of the potential miR-223 targets that may be involved in the devel-
opment of insulin resistance is glucose transporter 4 (GLUT4) as validated in neo-
natal rat necrosis cytes [112].

Lastly, miR-223 was shown to be involved in platelet function [28] and reactivity
to anti-aggregation treatment—in patients with low-response to clopidogrel ther-
apy, platelet miR-223 levels were significantly lower compared to normal-responders
[113]. Lower levels of miR-223 were also observed in plasma of low-responders
[114]; however, most recently Chyrchel and coworkers presented a study that argues
against the notion of low plasma miR-223 as a marker of platelet responsiveness to
dual antiplatelet therapy [115]. Further studies are definitely necessary to reveal the
true potential of miR-223 in platelets [116-118], since it has already been shown
that circulating miR-223 levels negatively correlate with the susceptibility to myo-
cardial infarction [116].

miR-27a/b and Other Essential Transcriptional Hubs

As shown above, miR-33, miR-122, and ,miR-223 can target many mRNAs
translated in proteins involved in the regulation of lipid metabolism and they
can thus be considered as “transcriptional miR hubs,” i.e., important miRs tar-
geting more proteins affecting transcription (and thus function) of lipid metab-
olism-related proteins. A similar “hub” role was predicted and confirmed for
miR-27a/b. In particular, miR-27a targets RXRa, ABCA1 (see below), FAS,
both SREBP-1 and SREBP-2, both PPARa (regulator of ABCA1) and PPARY
(regulator of adipocyte differentiation), and last but not least proteins involved
in lipoprotein formation: ApoAl, ApoB100, and ApoE3 [119-122]. Similarly to
miR-27a, miR-27b was predicted to target 27 various targets involved in lipid
metabolism and out of these, PPARy, angiopoietin-like 3 (ANGPTL3),
N-deacetylase/N-sulfotransferase 1 (NDST1), mitochondrial glycerol-3-phos-
phate acyltransferase (GPAM) and C/EBPa have been already validated [123—
128]. Recently, sequential regulation of cholesterol metabolism by miR-27 was
reported by Zhang and colleagues—their study elegantly demonstrated that cho-
lesterol efflux (by targeting ABCA1 and apoAl), influx (by targeting LPL and
CD36), and esterification (by targeting ACAT1) are affected at one time by
miR-27 [129]. Notably, predicted targets of miR-27a and other miRs that are
profoundly dysregulated in metabolic syndrome include genes that partake in
pathways related to fatty acid and sphingolipid metabolism and are also involved
in vascular signaling [3], suggesting thereby a key role for miR-27 in the main-
tenance of overall metabolic homeostasis.
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ABCAI: Target of Multiple miRs

Protein levels of ABCAI, transporter that is crucial for cholesterol loading into
ApoAl and formation of HDL [13], are known not to correlate with its mRNA levels
suggesting highly complex posttranscriptional regulation [130]. Besides other fac-
tors, due to its remarkably long 3’UTR, ABCA1 was revealed to be targeted by vari-
ous miRs (Table 5.1), specifically by miR-10b [131], miR-19b [132], miR-26 [133],
miR-106a [134], miR-106b [135], miR-128-2 [52], miR-143/145 cluster [136, 137],
miR-144 [50, 138], miR-302a [140], miR-613 [33], and miR-758 [141, 142]. Among
the miRs mentioned above, also miR-27 [129] and miR-33 [19, 72, 142] target
ABCALI. Additional miRs will be certainly validated in the future, since more than
100 miRs have been predicted to bind ABCA1 3’UTR [143]. This probably reflects
the different regulation of ABCAL in particular tissues; studying ABCA1 regulation
still represents a challenge since its involvement in insulin resistance/secretion [72,
136] and Alzheimer’s disease [135] has also been demonstrated.

Regulation of miRs by miRs: miR-370 and miR-122

The fact that one single miR can target more mRNAs and one mRNA is commonly
targeted by several miRs (e.g., as shown above for ABCALI) creates an incredibly
complicated network orchestrating lipid metabolism. Even more complexity is
added when realizing that each miR can be also directly regulated by another
miR. This was described for miR-370 upregulating the expression of miR-122 [29];
using sense and antisense miR-122 and miR-370, the same set of targets was shown
to be affected. However, if miR-122 is blocked with its antagomiR, miR-370 effect
is blunted [29]. Interestingly, in patients with CAD, miR-122 and miR-370 levels
correlate with each other and they were also shown to reflect CAD severity in
patients with hyperlipidemia [92]. Both miRs may be involved in the so-called fetal
reprogramming: if mice are fed with high-fat diet, levels of both miRs in the liver of
their offspring are altered. miRs may thus represent novel mediators involved in
transgenerational epigenetic settings of lipid metabolism [144].

Conclusion

MicroRNAs represent important regulators of lipid metabolism working either as
important transcriptional hubs (affecting the expression of various proteins at one
time), or by fine tuning the regulation of key genes (i.e., more miRs at time control-
ling the expression of crucial genes) participating in lipid metabolism. Multitarget
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Table 5.1 MicroRNAs involved in ABCAL1 regulation

miR
miR-10b

miR-19b

miR-26

miR-106a

miR-106b

miR-128-2

miR-143/
miR-145

miR-144

miR-302a

miR-613

Details

Gut microbiota produces protocatechuic acid, which was shown
to reduce levels of miR-10b in macrophages and thus increase
cholesterol efflux exerting anti-atherogenic effect

Treatment of ApoE—/— mice with miR-19b resulted in decreased
HDL (via ABCA1) and increased LDL levels which was shown
to increase aortic plaques size

miR-26 overexpression resulted in decreased cholesterol efflux
by targeting ABCA1 and ARL7 levels. Moreover, in LDL
loaded Hep2G cells, miR-26 levels decreased and ABCA1
levels increased suggesting the role of dietary cholesterol in
decreasing miR-26 expression

miR-106a levels are higher in cisplatin resistant cell line A549
(non small cell lung cancer cell line) and downregulation of
ABCA1 by miR-106a represents one of the novel mechanisms
of cisplatin resistance

In Alzheimer disease, ABCAI1 is known to affect metabolism of
pathogenic amyloid-f; miR-106b was shown to affect ABCA1
levels and thus increase amyloid-f production and decreased its
clearance

miR-128-2 attenuates cholesterol efflux by targeting ABCAI,
ABCG]I, and RXRa in HEK293T, HepG2, and MCF7 cells
Ldlr’- and miR-143/1457- double knockout mice were fed with
high-fat diet. Comparison of atherosclerosis plaque from these
animals and Ldlr™~ mice showed that the absence of miR-
143/145 resulted in smaller atherosclerotic plaques and
decreased macrophage infiltration. This was accompanied by a
decrease in circulating cholesterol levels in VLDL and

LDL. ABCAT1 upregulation was observed in liver and vessels
miR-145 levels were shown to be decreased in pancreatic cells
after glucose stimulation. This results in an increase in
cholesterol efflux and improvement in glucose-stimulated
insulin secretion

LXR and FXR agonists increased miR-144 expression, which
reduced ABCAL expression and cholesterol efflux in
macrophages and hepatic cells. miR-144 silencing increased
HDL

miR-144 mimic inhibited cholesterol efflux from macrophages
via ABCALI targeting and it further decreased HDL cholesterol
levels and promoted atherosclerosis in ApoE~~ mice.
Furthermore, it increased inflammatory cytokines expression
(IL-1B, IL6, TNFa) and circulating miR-144 levels correlated
with serum CK, CK-MB, LDH, and AST in patients after acute
myocardial infarction

Ldlr—/— mice were treated with antagomiR against miR-302a,
which resulted in a decrease in atherosclerotic plaques size and
an increase in circulating HDL levels

By targeting PPARy and ABCA1, miR-613 decreases
cholesterol efflux from PPARy-activated macrophages

J. Novik et al.
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Table 5.1 (continued)

miR Details References

miR-758 High-fat diet reduced miR-758 levels in peritoneal macrophages | [141]
and liver followed by increased in ABCA1, which led to
increased cholesterol efflux
In human atherosclerotic carotid plaques, expression of ABCA1 | [142]
and ABCG1 was found to be increased, together with an
increase in miR-33b and miR-758, which is probably a reason
for no changes in the protein levels of mentioned proteins

ApoE apolipoprotein E, Ldlr low density lipoprotein receptor, HDL high density lipoprotein, ARL7
ADP-ribosylation factor-like 7, HEK293T human embryonic kidney, HepG2 liver hepatocellular
carcinoma, MCF7 breast cancer cell line, ABCGI ATP binding cassette G1, RXRa retinoid X
receptor o, /L interleukin, TNF tumor necrosis factor; CK creatin kinase, CK-MB creatin kinase-
muscle/brain subunits, LDH lactate dehydrogenase, AST aspartate aminotransferase, PPARy per-
oxisome proliferator-activated receptor gamma

function of miRs can be definitely exploited as future tool to study pathophysiology
of disease and test potential targeted therapies [145]. We can almost say that miRs
“show us” how everything is connected together and some connections never
thought before may be revealed. Since miRs are highly evolutionary conserved, this
can suggest us the way by which the research in the field can continue in order to
reveal the true essence of some disorders. This may in the future result in identify-
ing new and enhanced strategies for diagnostics and therapy of lipid metabolism-
related disorders.
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Chapter 6
microRNAs in Pancreatic f3-Cell Physiology

Sabire Ozcan

Abstract The p-cells within the pancreas are responsible for production and secre-
tion of insulin. Insulin is released from pancreatic p-cells in response to increasing
blood glucose levels and acts on insulin-sensitive tissues such as skeletal muscle
and liver in order to maintain normal glucose homeostasis. Therefore, defects in
pancreatic p-cell function lead to hyperglycemia and diabetes mellitus. A new class
of molecules called microRNAs has been recently demonstrated to play a crucial
role in regulation of pancreatic -cell function under normal and pathophysiological
conditions. miRNAs have been shown to regulate endocrine pancreas development,
insulin biosynthesis, insulin exocytosis, and p-cell expansion. Many of the p-cell
enriched miRNAs have multiple functions and regulate pancreas development as
well as insulin biosynthesis and exocytosis. Furthermore, several of the -cell spe-
cific miRNAs have been shown to accumulate in the circulation before the onset of
diabetes and may serve as potential biomarkers for prediabetes. This chapter will
focus on miRNAs that are enriched in pancreatic p-cells and play a critical role in
modulation of $-cell physiology and may have clinical significance in the treatment
of diabetes.

Keywords miRNA ¢ -Cell ¢ Islets ¢ Insulin * Diabetes ¢ Insulin secretion * $-Cell
failure « Endocrine pancreas * Insulin biosynthesis * Dicerl * Ago2

Introduction

The B-cells within the pancreas are essential for maintaining normal blood glucose
levels by producing and secreting insulin into circulation. Insulin release from pan-
creatic p-cells is proportional to blood glucose levels. Insulin acts on insulin-
sensitive tissues, including muscle, liver, and adipocytes. The initiating event for
type 2 diabetes is insulin resistance followed by hyperinsulinemia and f-cell failure.
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Based on the UK Prospective Diabetes Study, which involved over 5000 patients
with newly diagnosed type 2 diabetes, it was estimated that at diagnosis of type 2
diabetes, p-cell function might have been already reduced by up to 50 % [1].
Moreover, the reduction in p-cell function appears to start 10-12 years before the
onset of type 2 diabetes [2]. Thus, these findings suggest that preserving f3-cell func-
tion is one of the most important goals in the treatment of type 2 diabetes.

Since the identification of the first f-cell enriched miRNA miR-375 in 2004 [3],
many other miRNAs have been identified with important roles in pancreatic 3-cell
function [4-7]. An updated list of B-cell specific miRNAs is reported in Table 6.1.

B-Cell specific deletion of Dicerl and Ago2 in mice provided valuable informa-
tion on the overall function of miRNAs in pancreatic B-cells. Dicerl is required for
cytoplasmic processing of pre-miRNAs to mature miRNAs and homozygous dele-
tion of Dicer1 in mice is embryonic lethal [8, 9]. Deletion of Dicerl in the developing
endocrine pancreas in mice at embryonic day 10.5 resulted in a significant reduction

Table 6.1 List of pancreatic B-cell specific miRNAs

Function miRNA Targets References
Endocrine pancreas development miR-7 Pax6 [24]
miR-15a/b Ngn3 [35]
miR-124a FoxA2, Ngn3 [30, 35]
miR-200c cMaf, Fog2 [31]
miR-375 Cadml [18]
Insulin biosynthesis miR-24a Sox6 [11]
miR-30a NeuroD [40]
miR-30d Map4k4 [39,41]
Insulin exocytosis miR-7 Snca, Cspa, Cplx1, [44]
Pfn2, Wipf2,
Phactrl, Zdhhc9
miR-9 Onecut-2, Sirtl [45, 46]
miR-21 - [53]
miR-33a Abcal [57]
miR-124a Rab27a [52]
miR-132 Slc25a20 [61]
miR-145 Abcal [56]
miR-212 Slc25a20 [61]
miR-375 Mtpn, HuD, Gephyrin, | [3, 17]
Ywhaz, Aifm1
p-Cell inflammation miR-21 Pdcd4 [64]
miR-29 Mcll [66]
B-Cell expansion/replication miR-7 S6k1, elF4E, Mknkl1, [68]
Mknk2, Mapkap1
miR-184 Ago2 [16]

miR-200 Zebl [75]
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of B-cell mass [10]. These mice died shortly after birth and had abnormal islet struc-
ture that was associated with substantial decrease in endocrine progenitors. This
provided the first evidence that miRNA maturation by Dicerl is critical for endo-
crine pancreas development.

The importance of Dicerl and mature miRNAs in f-cell function was further
confirmed by several independent studies in which Dicerl was ablated in adult
endocrine pancreas [11-13]. These studies found that p-cell specific deletion of
Dicer1 after the development of endocrine pancreas leads to the establishment of
diabetes due to decreased insulin biosynthesis [11-13], glucose-stimulated insulin
secretion [12], and reduced p-cell mass [12, 13]. In summary, the processing of pre-
miRNAs to mature miRNAs by Dicerl is critical for normal development of the
endocrine pancreas as well as for production and release of insulin in adult p-cells.

Argonaute 2 or Ago2, a member of the argonaute protein family mediates the
interaction of miRNAs with their target mRNAs and is part of the RNA-induced
silencing complex (RISC) [14, 15]. In mammalian cells, miRNAs guide the RISC
complex to target mRNAs and cause either degradation or translational repression
of the target mRNAs. Recent data indicate that Ago?2 is required for insulin secre-
tion and B-cell compensatory expansion [16, 17]. Silencing of Ago2 in the mouse
insulinoma MING6 cell line enhanced insulin secretion [17]. Further studies sug-
gested that mice lacking Ago?2 are incapable of -cell mass expansion in response to
insulin resistance [16]. This defect was due to increased expression of miR-375
target mRNAs.

Previous studies showed that miR-375 is the most enriched miRNA in pancreatic
[-cells and negatively regulates insulin secretion [3]. miR-375 is also important for
endocrine pancreas development [18]. Thus, Ago2 appears to be important for
directing miR-375 to its target mRNAs in fB-cells. In conclusion, the data obtained
with Dicerl and Ago2 knockout mice suggests a critical role for miRNAs in pancre-
atic p-cell function. This chapter focuses on the role of miRNAs in regulation of
endocrine pancreas development, insulin biosynthesis, insulin exocytosis, and j3-cell
expansion.

Endocrine Pancreas Development and Pancreas Regeneration

The pancreas has exocrine and endocrine functions. The exocrine pancreas consists
of acinar and ductal cells and is responsible for the production and release of diges-
tive enzymes into the duodenum. The endocrine system consists of the islets of
Langerhans that are important in maintaining glucose homeostasis and make up
only 1-2 % of pancreas. The islets consist of cell clusters containing five different
types of cells, with the insulin-producing f-cells being the most prominent ones
(50-80 %) and glucagon-producing a-cells as the second most abundant cell type
[19-21].

Exocrine and endocrine cells originate from the same pool of progenitor cells in
the gut endoderm [22, 23]. Pancreas development is morphologically visible around
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Fig. 6.1 miRNA regulation of endocrine pancreas development. The transcription factors involved
in endocrine pancreas development are shown in bold. The miRNAs that target the listed transcrip-
tion factors are displayed on the botfom. The approximate embryonic day (E) of pancreas develop-
ment is shown on the top

embryonic day E8.5 (Fig. 6.1). Starting with embryonic day E14 the exocrine and
endocrine pancreas develop from the pancreatic endoderm. Ngn3 is expressed at
embryonic day E14 and marks the precursors of islets cells and the onset of endo-
crine cell differentiation [22]. From E15 on, the endocrine cell mass expands and is
organized into well-shaped islets, expressing glucagon and insulin (Fig. 6.1).
Several miRNAs have been implicated in endocrine pancreas development,
including miR-7, miR-15, miR-124a, miR-200, and miR-375. miR-7 has been
shown to play a critical role in early endocrine pancreas development by negatively
regulating the differentiation of o and P-cells [24]. Initial studies indicated that
miR-7 is highly abundant in rodent and human islets [24—27]. Further studies dem-
onstrated the co-localization of miR-7 with insulin and glucagon in the differentiat-
ing endocrine pancreas [24, 25]. However, miR-7 was not expressed in acinar or
ductal cells. miR-7 levels were also highly upregulated during development of the
human fetal pancreas, where miR-7 expression was observed at 9 weeks of gesta-
tional age. The expression of miR-7 was highest in endocrine cells around 14 and
18 weeks of gestational age, where the hormone levels start to rise [25, 26].
Kredo-Russo et al. [24] demonstrated that miR-7 acts downstream of Ngn3 and
directly suppresses the expression of Pax6 (paired-domain transcription factor 6) in
endocrine precursors. Pax6 is important for endocrine pancreas differentiation and
specification of hormone producing endocrine cells [28, 29]. Consistent with the
idea that miR-7 targets Pax6, overexpression of miR-7 in developing pancreas
explants during embryonic day 12.5 caused a reduction in Pax6 as well as insulin
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levels [24]. This was further confirmed using a knock-in model where the genomic
sequence of miR-7a-1 was inserted into the Rosa26 locus and miR-7 expressed in
the pancreatic lineage using Pdx-1-Cre mice. These mice displayed a significant
reduction in insulin and glucagon mRNA levels at embryonic day 13.5. However,
the expression of exocrine lineage markers Cpal and Ptfla were not altered by
overexpression of miR-7 [24]. These findings suggest that miR-7 negatively regu-
lates o- and B-cell differentiation during early endocrine pancreas development by
directly targeting Pax6.

Another miRNA that has been implicated in endocrine pancreas development
and fB-cell differentiation is miR-124a, which is encoded by three different genomic
loci (miR-124a1-3) [30]. The expression level of the miR-124a2 isoform is signifi-
cantly upregulated during endocrine pancreas development, especially at embry-
onic day E18.5, where p-cell specification occurs. miR-124a has been shown to
target the transcription factor FoxA2, which is expressed during endocrine pancreas
development and regulates p-cell differentiation [30].

B-Cell specification involves the induction of B-cell specific genes as well as sup-
pression of o —cell specific genes. miR-200c that is highly abundant in pancreatic
[-cells regulates p-cell specification by repressing glucagon gene expression [31]. It
targets the a-cell specific transcription factors cMaf and Fog?2 in p-cells that nor-
mally stimulate glucagon gene expression. miR-200c is not expressed in a-cells and
forced expression of miR-200c in the a-cell line «TC6 inhibits cMaf and Fog?2 lev-
els and thereby reduces glucagon gene expression [31].

miR-375 is one of the most abundant miRNAs in pancreatic p-cells [3]. It is
highly expressed in the developing endocrine pancreas and co-localizes with the
[-cell transcription factor Pdx-1 (Fig. 6.1). Furthermore, it was shown that miR-375
is essential for islet formation in zebra fish [32]. Similar data were also obtained in
mice by deletion of miR-375 [18]. These mice developed hyperglycemia and had
decreased number of p-cells, but increased number of a-cells that led to excess
production of glucagon. DNA microarray screens carried out in the miR-375
knockout mice revealed that miR-375 targets negative regulators of cell prolifera-
tion, including the growth suppressor gene Cadm1 [17, 18]. These data suggest that
miR-375 may regulate p-cell differentiation by suppression of non-f-cell specific
gene expression.

Ngn3, a marker of endocrine progenitor cells, is required for endocrine pancreas
development and mice deleted for Ngn3 lack pancreatic islets [22, 23]. Ngn3 is not
expressed in mature islets or during pancreas regeneration. Interestingly, Ngn3 tran-
script is detected in the regenerating pancreas after partial pancreatectomy, but there
is no Ngn3 protein present [33-35]. This suggested that the translation of the Ngn3
transcript might be suppressed by miRNAs during pancreas regeneration. In agree-
ment with this idea, three miRNAs, miR-15a, miR-15b, and miR-124a, were found
to target Ngn3 in the regenerating pancreas [35]. All three miRNAs are highly
upregulated after partial pancreatectomy. Furthermore, inhibition of miR-15 led to
increased expression of Ngn3 and its target genes NeuroD and Nkx2.2 in the
regenerating pancreas [35] (Fig. 6.1). Thus, increased expression of miR-15a/b and
miR-124a during pancreas regeneration downregulates Ngn3 and thereby initiates
the regeneration process.



106 S. Ozcan
Insulin Biosynthesis

Insulin biosynthesis in pancreatic $-cells is regulated by changes in blood glucose
levels and is mediated by three B-cell specific transcription factors Pdx-1, MafA,
and NeuroD (Fig. 6.2) [36]. These transcription factors act synergistically to stimu-
late insulin gene expression in response to increasing blood glucose levels. In addi-
tion to these transcriptional activators, several transcriptional repressors are also
involved in suppressing insulin biosynthesis, including the repressors Sox6 and
Bhlhe2?2 (Fig. 6.2). In contrast to humans, rodents have two insulin genes (insulin 1
and 2) and insulin 2 expression and regulation is most similar to that of humans
[37]. Several miRNAs, including miR-24, miR-30d, and miR-30a, have been shown
to regulate insulin biosynthesis by modulating the expression of p-cell specific tran-
scription factors (Fig. 6.2).

The first evidence that miRNAs are crucial for insulin biosynthesis was provided
by ablation of Dicerl in adult pancreatic B-cells by several groups [12, 13]. These
studies utilized the rat insulin promoter RIP-Cre to delete Dicerl in adult p-cells.
Dicer1 deficient animals developed hyperglycemia and diabetes due to decreased
insulin mRNA levels and insulin content, while endocrine pancreas development
was normal [12, 13]. One group found that these mice had abnormal islet morphol-
ogy and decreased p-cell mass [13]. Another group demonstrated that insulin 1 and
insulin 2 mRNA levels were decreased by 70 % in Dicerl deficient animals. Such a

. miR-24a

re prSSIOI"I

'miR-30a
| miR-30d

activationl

Insulin

Nucleus

Fig. 6.2 Regulation of insulin gene transcription by miRNAs. The transcription factors Pdx-1,
MafA, and NeuroD activate insulin gene transcription in a glucose-dependent manner and are
regulated by miR-30a and miR-30d. Sox6 and Bhlhe2?2 are transcriptional repressors of the insulin
gene and are targeted by miR-24a
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reduction in insulin levels was associated with increased expression of Sox6 and
Bhlhe22, which function as transcriptional repressors of the insulin gene [11]
(Fig. 6.2). Further studies with these Dicerl deficient mice identified four miRNAs,
miR-24, miR-26, miR-148, and miR-182, that may be responsible for the observed
reduction in insulin biosynthesis [11].

Inhibition of miR-24 in primary islets decreased insulin mRNA levels, but
increased the levels of the transcriptional repressors Sox6 [11, 38]. In conclusion,
ablation of Dicerl in adult pancreatic p-cells reduces the levels of miR-24, which
leads to increased Sox6 protein levels and repression of insulin gene expression.

miR-30a and miR-30d belong to the miR-30 family of miRNAs, which consist
of five members and have been shown to modulate insulin gene transcription by
regulating the levels of B-cell transcription factors [39, 40]. miR-30d levels are
upregulated in response to hyperglycemia in pancreatic f3-cells. Overexpression of
miR-30d in insulinoma cell lines and pancreatic islets increased the levels of the
insulin gene transcription factor MafA [39]. miR-30d increases MafA and thereby
insulin mRNA levels by targeting the TNF-a activated kinase Map4k4 [41]. How
suppression of Map4k4 by miR-30d increases MafA and insulin mRNA levels
remains to be established.

miR-30a-5p levels are upregulated in pancreatic -cells during glucotoxic condi-
tions and also in islets of the obese and diabetic db/db animals [40]. Overexpression
of miR-30a-5p downregulated insulin biosynthesis and insulin secretion by target-
ing the p-cell transcription factor 2/NeuroD. Consistent with the idea that miR-
30a-5p negatively regulates insulin production and secretion. Injection of
anti-miR-30a-5p oligonucleotides into the obese and diabetic db/db animals signifi-
cantly reduced the non-fasting blood glucose levels [40]. Although mature miR-
30a-5p and miR-30d share the same seed sequence and differ only by one nucleotide,
they regulate insulin biosynthesis by targeting different genes in pancreatic p-cells.

Insulin Exocytosis

Insulin secretion from pancreatic B-cells is a highly dynamic process that is primar-
ily regulated by blood glucose levels. Glucose-stimulated insulin secretion (GSIS)
starts with the uptake of glucose into p-cells by glucose transporter Glut2 in rodents
and Glutl in humans. Glucose is then metabolized in glycolysis to pyruvate, which
enters the mitochondria where it is converted to acetyl CoA (Fig. 6.3). The TCA
cycle oxidizes acetyl CoA to carbon dioxide and the electrons harvested in the TCA
cycle are used in oxidative phosphorylation for ATP production.

The increase in ATP/ADP ratio leads to the closure of ATP-sensitive potassium
channels causing the depolarization of the plasma membrane. This depolarization
event leads to opening of the voltage-dependent calcium channels and influx of
calcium that mediates the fusion of the insulin granules with the plasma membrane
leading to release of insulin into blood stream [42, 43] (Fig. 6.3). The miRNAs
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Fig. 6.3 miRNA regulation of insulin exocytosis. Insulin release by glucose involves the uptake
and oxidation of glucose, which causes an increase in the ATP/ADP ratio. This leads to closure of
the ATP-sensitive potassium channel and depolarization of the plasma membrane, followed by
opening of the voltage dependent calcium channel. The influx of calcium triggers the fusion of the
insulin granules with the plasma membrane and the release of insulin

miR7a, miR-9, miR-21, miR-29, miR-33a, miR-124a, miR-145, and miR-375 play
a significant role in regulation of insulin secretion and are discussed below.

Previous data suggest that miR-7a levels are significantly decreased in human
islets of obese and diabetic patients [44]. This decrease was also observed in islets
of obese and diabetic mice. Studies on miR-7a2 function in mice demonstrated that
miR-7a2 deficient mice display increased insulin secretion. This was due to upregu-
lation of proteins involved in regulation of insulin granule fusion with the plasma
membrane in pancreatic B-cells, including Snca, Cspa, Cplx1, Pfn2, Wipf2, Phactrl1,
and Zdhhc9 [44]. These proteins were shown to be direct targets of miR-7. As
expected, overexpression of miR-7a2 in mice resulted in inhibition of insulin secre-
tion and the development of diabetes [44]. These data establish miR-7 as a negative
regulator of insulin secretion in pancreatic f3-cells.

Another negative regulator of insulin secretion is miR-9, which is highly
expressed in brain and pancreatic islets [45]. miR-9 levels are upregulated in
response to high glucose in the INS-1E cell line as well as mouse pancreatic islets
[46]. Increased levels of miR-9 suppressed insulin secretion in response to glucose
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and potassium chloride in the pancreatic f-cell line INS-1E [45]. These findings
suggest that miR-9 inhibits insulin secretion at the level of the exocytosis machin-
ery. It was discovered that overexpression of miR-9 increases the levels of
granuphilin (Slp4), a Rab3/Rab27 GTPase effector that is associated with the insu-
lin secretory granules [45, 47]. Insulin secretion is significantly increased in
granuphilin deficient mice, suggesting a negative role for granuphilin in insulin exo-
cytosis. Granuphilin suppresses insulin exocytosis by regulating the docking of
insulin granules to the plasma membrane [48]. Analysis of potential miR-9 targets
using the TargetScan database identified the transcription factor Onecut2 [45].
Overexpression of miR-9 reduced Onecut2 levels and increased granuphilin levels.
Onecut2 has been shown to bind to the granuphilin promoter and repress the tran-
scription of the granuphilin gene. Silencing of Onecut2 expression increases
granuphilin levels and thereby leads to inhibition of GSIS, mimicking the overex-
pression of miR-9. The conclusion from these data is that miR-9 inhibits insulin
secretion by targeting Onecut2 and thereby increases granuphilin levels. Another
miR-9 target that may mediate the negative effect of miR-9 on insulin exocytosis
was identified as Sirtl, which deacetylates proteins in a NAD-dependent manner
[46]. Overexpression of miR-9 has been shown to downregulate Sirt1 protein levels.
Sirtl is a positive regulator of insulin secretion and overexpression of Sirtl in pan-
creatic f-cells enhances GSIS by downregulating the levels of the uncoupling pro-
tein UCP2 [49, 50]. In summary, miR-9 negatively regulates insulin secretion by
targeting Onecut2 and Sirtl in pancreatic -cells.

miR-375 was one of the first miRNAs identified from pancreatic p-cells and
shown to be a negative regulator of insulin secretion [3]. Initial studies indicated
that miR-375 targets myotrophin (Mtpn), which regulates actin depolymerization
and insulin granule fusion [3, 51]. This implicated miR-375 in regulation of insulin
granule fusion with plasma membrane. Recent studies using the MIN6 insulinoma
cells demonstrated that miR-375 is involved in global regulation of GSIS by directly
targeting the expression of genes relevant for insulin exocytosis, including Gephyrin,
Ywhaz, Aifml, and Mtpn [17]. This study also discovered that miR-375 was the
most enriched miRNA associated with Ago2-ribonucleotide protein complexes.
Moreover, it was shown that loss of Ago2 in MING6 cells enhances insulin release by
causing increased expression of miR-375 target genes [17]. In summary, miR-375
and Ago2 have overlapping functions in pancreatic B-cells and inhibit GSIS.

miR-124a was found in a screen for miRNAs that regulate basal insulin secre-
tion. Overexpression of miR-124a in MING6 cells enhanced basal insulin secretion,
but decreased GSIS. Upregulation of miR-124a levels was also associated with
increased expression of SNAP25, Rab3A, and Synl, and decreased levels of
Rab27A and Noc2, which are involved in regulation of insulin exocytosis [52].
Further studies revealed that only Rab27A was a direct target of miR-124a. miR-
124a has been previously shown to regulate endocrine pancreas development by
targeting FoxA2, a transcription factor required for expression of p-cell specific
genes [30]. FoxA2 also regulates the expression of Krp channel subunits Kir6.2 and
Surl, which are critical for insulin exocytosis. Therefore, some of the effects of
miR-124a on insulin secretion may be mediated via its target FoxA2.
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miR-21 levels are upregulated by cytokines and overexpression of miR-21 in
MING B-cells decreased insulin secretion by glucose [53]. The decrease in GSIS by
miR-21 was associated with downregulation of VAMP2 and Rab3a levels [53].
VAMP2 is a SNARE protein and Rab3 is a GTPase and both are involved in insulin
exocytosis [54, 55]. Treatment of MING6 B-cells with IL-1f for 24 h also resulted in
decreased GSIS and downregulation of VAMP2 and Rab3a levels. Inhibition of
miR-21 in MING6 cells treated with IL-1p prevented the decrease in GSIS and
VAMP2, but had no effect on Rab3a levels [53]. VAMP?2 does not contain any miR-
21 binding sites and, thus, appears to be not a direct target of miR-21. In conclusion,
exposure to proinflammatory cytokines inhibits insulin secretion by upregulation of
miR-21 levels.

Elevated cholesterol levels in pancreatic p-cells interfere with GSIS. miR-33a
and mir-145, two miRNAs involved in regulation of cholesterol levels, have been
shown to negatively regulate GSIS. Overexpression of miR-33a and miR-145 in
mouse islets increases intracellular cholesterol levels by downregulating the levels
of the ATP-binding cassette transporter 1 or Abcal, which mediates cholesterol
efflux [56, 57]. Consistent with a role for Abcal in insulin secretion, mice that lack
Abcal display p-cell dysfunction [58]. Inhibition of miR-33a and miR-145 in pan-
creatic islets enhances GSIS by increasing the levels of Abcal, which leads to
increased cholesterol efflux [56, 57]. In conclusion, increased levels of miR-33a and
miR-145 negatively regulate GSIS in pancreatic p-cells by targeting Abcal trans-
porter and thereby reducing cholesterol efflux.

miR-132 and miR-212 levels have been previously shown to be upregulated in
pancreatic islets of obesity-induced diabetic animals [5, 59]. miR-132 and miR-212
are about 200 bp separated from each other and are likely to be generated from a
common pri-mRNA [60]. Overexpression of miR-132 and miR-212 enhance GSIS
by targeting the carnitine acyl-carnitine translocase (CACT; Slc25a20), which is
involved in transport of long-chain acyl-carnitines into the mitochondria for
-oxidation [61]. Consistent with the idea that CACT regulates insulin secretion in
pancreatic p-cells, silencing of CACT in INS-1 p-cells resulted in accumulation of
fatty acyl-carnitines and increased insulin exocytosis [61, 62]. Furthermore, treat-
ment of INS-1 cells and mouse islets with long-chain fatty acyl-carnitines promoted
insulin secretion [61]. Interestingly, the stimulation of insulin release by long-chain
fatty acyl-carnitine was independent of their degradation by p-oxidation. It has been
well established that chronic exposure to fatty acids inhibits insulin secretion, while
acute exposure to fatty acids stimulates insulin release. In conclusion, miR-132 and
miR-212 enhance insulin secretion by targeting CACT and thereby increasing the
concentration of long-chain fatty acyl-carnitines in the cytoplasm.

B-Cell Inflammation

Type 1 diabetes is caused by an autoimmune destruction of the pancreatic p-cells.
Proinflammatory cytokines, including IL-1f, TNF-a, and IFN-y, play an important
role in this process. These proinflammatory cytokines, which are produced by
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infiltrating leukocytes and islets cells, contribute to p-cell failure and establishment
of diabetes [63]. miR-21 levels have been shown to be upregulated by cytokines in
MING cells as well as in pancreatic islets of prediabetic NOD mice that display
normal blood glucose levels [53, 64]. These findings suggest that miR-21 plays a
critical role in regulation of p-cell apoptosis during type 1 diabetes. In agreement
with this idea, miR-21 was shown to suppress p-cell apoptosis by decreasing the
levels of the tumor suppressor protein Pdcd4 that induces cell death by activation of
Bax family of proteins [64, 65]. Ablation of Pdcd4 in pancreatic p-cells protects
them from cell death in NOD and in STZ-treated C57BL/6 mice. Interestingly, miR-
21 levels were found to be upregulated by members of the NFkp family, c-Rel, and
p65 [64]. The implications from these data are that the NFkz-miR-21-Pdcd4 axis
regulates p-cell death during type 1 diabetes. Similar to miR-21, miR-29 is also
upregulated by exposure to proinflammatory cytokines in pancreatic islets of pre-
diabetic NOD mice and in isolated mouse and human islets [66]. Overexpression of
miR-29 promoted p-cell apoptosis that was associated with downregulation of the
anti-apoptotic protein Mcll [66]. In summary, these data suggest that miR-21 and
miR-29 play a crucial role in cytokine-induced f-cell dysfunction during
prediabetes.

B-Cell Replication/Expansion

Since diabetes is caused by p-cell failure, induction of pancreatic p-cell prolifera-
tion is a major goal for treatment of diabetes. However adult pancreatic -cells have
an extremely low replication rate [67]. Detailed understanding of the mechanisms
responsible for the low replication rate of human adult B-cells may lead to novel
strategies for treatment of diabetes. Recent data suggest that miRNAs are involved
in regulation of f-cell replication and expansion.

The mature form of miR-7 is encoded by three different genomic loci in mice
and humans. miR-7a has been shown to be the major isoform and miR-7a-2 the
major precursor that is expressed in adult pancreatic B-cells [68]. Studies in mouse
and human islets indicate that miR-7a is an inhibitor of f-cell proliferation and tar-
gets the mTOR-signaling pathway. Inhibition of miR-7a promoted adult p-cell rep-
lication in mouse and human islets by activation of mTOR signaling that was
blocked by treatment with rapamycin [68]. The mTOR-signaling pathway plays a
critical role in regulating metabolism and cell proliferation in response to nutrient
availability and induces p-cell replication and expansion [69, 70]. Further studies
suggested that miR-7a regulates the mTOR pathway by targeting S6k1, elF4E,
Mknk1, Mknk?2, and Mapkap1, which are components of the mTOR-signaling path-
way [68]. Thus, miR-7a is a potential target for miRNA therapy to promote adult
B-cell replication to replace the B-cells lost in the course of type 2 diabetes.

B-Cells can compensate for insulin resistance by increasing the insulin secretory
capacity and p-cell mass [71]. This is especially evident during obesity. miR-184 is
the only miRNA that has been implicated to date in -cell compensatory expansion
during insulin resistance [16]. Recent data suggest that miR-184 is silenced in the
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pancreatic islets of insulin-resistant mice and humans. The silencing of miR-184
was associated with upregulation of Ago2 levels, which coincided with increased
B-cell expansion. Forced expression of miR-184 in ob/ob animals that display
obesity-induced diabetes resulted in downregulation of Ago2 levels and prevention
of the compensatory p-cell expansion process [16]. Ago2 is part of the RISC com-
plex and is required for miRNA-guided targeting of mRNAs [14]. Loss of Ago2
blocks the compensatory expansion of f-cells in response to insulin resistance by
increasing the expression of miR-375 targets, including the growth suppressor
Cadml [17]. These data suggest that miR-184 negatively regulates p-cell expansion
by targeting Ago2.

The thioredoxin-interacting protein (TXNIP) is a cellular redox regulator that is
upregulated in pancreatic f-cells during diabetic conditions and has been implicated
in causing p-cell death [72, 73]. Lack of TXNIP protects mice against diabetes by
increasing p-cell mass and inhibiting 3-cell apoptosis [74]. Recent data suggest that
the expression of miR-200 family members (miR-200a/b/c, miR-141, and miR-429)
are increased by TXNIP in INS-1 B-cells and mouse islets, and overexpression of
miR-200 family members promotes [3-cell apoptosis [75]. Previous studies in cancer
cells implicated miR-200 in inhibition of epithelial-mesenchymal transition (EMT)
by targeting the transcriptional repressor Zebl and thereby increasing the levels of
E-cadherin transmembrane protein [76, 77]. Like in cancer cells, miR-200 has been
shown to target Zeb1 also in pancreatic -cells and increases E-cadherin expression
[75]. Increased expression of E-cadherin inhibits EMT and promotes p-cell apopto-
sis. In conclusion, during diabetic conditions TXNIP levels are increased, which
lead to upregulation of miR-200 that then suppresses Zebl levels leading to
increased E-cadherin expression. Thus, the activation of the TXNIP-miR-200-
Zebl1-E-cadherin pathway promotes p-cell apoptosis by inhibition of EMT and
B-cell expansion.

Circulating miRNAs as Biomarkers for Diabetes

Circulating miRNAs identified from type 2 diabetes patients have the potential to
serve as new biomarkers and therapeutic targets. The levels of several miRNAs are
increased in the serum of diabetic patients as well as diabetic animals [78]. miR-
375 levels have been shown to be increased in the circulation of STZ-treated and
nonobese diabetic NOD mice [79]. Interestingly, miR-375 levels were dramati-
cally increased in the STZ-treated mice before the onset of hyperglycemia. In the
NOD mice, miR-375 levels were increased in the circulation 2 weeks prior to
diabetes onset [79]. These data indicate that circulating levels of miR-375 may
serve as a potential biomarker for diagnosis of prediabetes.
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Conclusions

Recent studies have clearly established a role for miRNAs in endocrine pancreas
development as well as many aspects of -cell function, including insulin biosynthesis
and insulin exocytosis. However the number of miRNAs with established functions in
[-cells is fairly small given the fact that the human gene encodes for over 2500 miR-
NAs [80]. This suggests that there are many more miRNAs with specific function in
pancreatic f-cells that remain to be identified. One limitation in analysis of miRNA
function in pancreatic -cells as well as in other tissues is that most studies focus on a
single miRNA. However, the 3'-UTR of most mRNAs contain binding sites for two or
more miRNAs, indicating that a single mRNA is likely to be regulated by more than
one miRNA. Several of the miRNAs involved in -cell function have isoforms that are
encoded by different genomic loci that result in the same mature miRNA. This is the
case for miR-7 and miR-9, which are encoded by three different genomic loci, leading
to the same mature miRNA. This raises the question whether pre- or pri-miRNAs may
also have a function that is different from that of the mature miRNA.

Another interesting aspect of miRNA function is that the same miRNA may regu-
late different processes within the p-cell. miRNA-375 has been shown to influence
endocrine pancreas development as well as insulin secretion by targeting different
mRNAs [3, 18]. Several miRNAs have been demonstrated to be abundant in the circu-
lation of type 2 diabetics and may serve as diagnostic markers for prediabetes. miR-
NAs are ideal biomarkers for diabetes and other diseases because of their high stability
in the circulation, high sensitivity, and tissue specificity. Detailed understanding of how
the levels of various miRNAs are regulated during physiological as well as pathophysi-
ological conditions will be crucial in the development of novel strategies to prevent
[-cell failure. Moreover the development of new techniques that enable the analysis of
genome-wide transcription and of the proteome at the single p-cell level will advance
our understanding of metabolic regulation by miRNAs. The field of miRNA-based
therapeutics has been emerging and several miRNA candidates are in preclinical devel-
opment. The therapeutic development of p-cell specific miRNAs will provide powerful
strategies in the treatment of diabetes associated with p-cell dysfunction.
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Chapter 7
microRNA and Cardiac Regeneration

Massimiliano Gnecchi, Federica Pisano, and Riccardo Bariani

Abstract Heart diseases are a very common health problem in developed as well
as developing countries. In particular, ischemic heart disease and heart failure rep-
resent a plague for the patients and for the society. Loss of cardiac tissue after myo-
cardial infarction or dysfunctioning tissue in nonischemic cardiomyopathies may
result in cardiac failure. Despite great advancements in the treatment of these dis-
eases, there is a substantial unmet need for novel therapies, ideally addressing repair
and regeneration of the damaged or lost myocardium. Along this line, cardiac cell
based therapies have gained substantial attention. Three main approaches are cur-
rently under investigation: stem cell therapy with either embryonic or adult stem
cells; generation of patient-specific induced pluripotent stem cells; stimulation of
endogenous regeneration trough direct reprogramming of fibroblasts into cardio-
myocytes, activation of resident cardiac stem cells or induction of native resident
cardiomyocytes to reenter the cell cycle. All these strategies need to be optimized
since their efficiency is low.
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It has recently become clear that cardiac signaling and transcriptional pathways
are intimately intertwined with microRNA molecules which act as modulators of
cardiac development, function, and disease. Moreover, miRNA also regulates stem
cell differentiation. Here we describe how miRNA may circumvent hurdles that
hamper the field of cardiac regeneration and stem cell therapy, and how miRNA
may result as the most suitable solution for the damaged heart.

Keywords microRNA ¢ Acute myocardial infarction * Cell therapy * Cardiovascular
disease ¢ Stromal cells

Introduction

Cardiovascular diseases (CVD) remain the leading cause of death worldwide.
Among CVD, postischemic heart failure is one of the most severe and debilitating,
with a prevalence on the rise. Approximately 80 % of all cardiovascular-related
deaths occur in low- and middle-income countries and at a younger age in compari-
son with high-income countries. Heart failure is a clinical syndrome that occurs
when the working capacity of the myocardium decreases, for example as a compli-
cation of an acute myocardial infarction (AMI), and the heart becomes unable to
pump blood in sufficient quantity to meet the metabolic needs of the organism. AMI
is caused by the abrupt closure of a coronary artery due primarily to thrombus for-
mation. The most effective therapy for AMI is represented by timely revasculariza-
tion of the related artery. This is achieved with either thrombolytic agents,
percutaneous coronary intervention, or bypass surgery. If not promptly reperfused,
the ischemic heart can undergo massive loss of contractile tissue, replaced in time
by scar tissue. The resulting compensatory mechanisms cause an increase in blood
volume, increased filling pressures in the heart chambers, increased heart rate and
heart mass. However, despite these compensatory mechanisms, the ability of the
heart to contract and to relax progressively decreases, resulting in the negative
remodeling of the left ventricle (LV) and a worsening of the clinical picture and
finally heart failure ensues [1, 2]. Currently, there are drugs able to reduce the sever-
ity of this pathological remodeling, but no therapeutic approach or surgery is able to
restore the contractility of the infarcted heart. The result is an increasing number of
patients with a poor quality of life due to recurrent hospitalizations and the large
number of drugs they must assume. The economic impact in regards to loss of pro-
ductive years of life and the costs that the healthcare system must bear is substantial.
Heart transplantation represents the only definitive solution. With current surgical
techniques and the refinement of immunosuppressive therapies, the survival of trans-
planted patients at 5 years after surgery is higher than 70 % [3, 4]. Unfortunately, due
to the low availability of transplantable hearts, only a very limited number of patients
receive this treatment. For all these reasons, it is essential to find innovative therapeu-
tic approaches able to prevent LV postischemic remodeling or, even better, approaches
able to replace scarred or noncompetent cardiac tissue.
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Although the mammalian heart has conventionally been viewed as a postmitotic
organ, cardiac cells have recently been shown to display some regenerative poten-
tial, good enough to maintain the physiologic homeostasis of the heart but insuffi-
cient to regenerate relevant cardiac lesions [5]. Cardiac regeneration in adulthood is
observed in lower vertebrates such as certain amphibians and fish, which are able to
regenerate cardiac muscle after injury or genetic ablation of cardiomyocytes (CMC)
[6-10]. Lineage tracing experiments have revealed that differentiated CMC are the
major source of the newly generating cardiac muscle. In response to injury, preex-
isting mature CMC undergo a process of sarcomeric disassembly, dedifferentiation,
reentry into the cell cycle and proliferation to replenish the lost myocardium [11,
12]. This process is associated with minimal fibrosis. In addition, it has recently
been demonstrated that early during the postnatal period, mice also exhibit a com-
parable regenerative capacity [13]. This regenerative plasticity is strictly limited to
the first week after birth when CMC have not terminally exited the cell cycle. Once
CMC have completed terminal differentiation, following injury the myocardium
undergoes a reparative process mostly associated with fibrosis and compensatory
cardiac hypertrophy [13]. These findings mean that mammals retain a quiescent
regenerative capacity, which could potentially be reactivated in the adult heart.

Moreover, the demonstration that it is possible to mobilize and activate endoge-
nous progenitor cells in diseased heart or to introduce exogenous stem cells able to
regenerate cardiac tissue, has paved the way to revolutionary strategies in myocar-
dial repair. Reports that embryonic stem cells (ESC) and adult stem cells (ASC) can
differentiate into CMC, vascular smooth muscle cells (VSMC), and endothelial
cells (EC) have stimulated studies investigating the use of stem cells to treat cardio-
vascular disease. During the past decade, several studies have demonstrated and
suggested that the potential for cardiac regeneration may still be present in the
organ, albeit silenced. Therefore, insights into the determinant roles that tiny molec-
ular switches play in cardiac cell proliferation and differentiation are of great rele-
vance, not only to complement our current understanding of heart biology, but also
to open new paths for the development of innovative strategies to treat cardiac-
related pathologies.

Strategies to Regenerate Cardiac Tissue

Three different approaches are currently pursued to form new CMC and achieve
myocardial regeneration: (1) differentiation of ESC or ASC into CMC; (2) full
reprogramming of fibroblasts into induced pluripotent stem cells (iPS) and subse-
quent cardiac differentiation; and (3) stimulation of endogenous regeneration trough
direct reprogramming of fibroblasts into CMC, activation of cardiac stem cells
(CSC) or induction of the native resident CMC to reenter the cell cycle.

The rational for the first two methods is that the newly generated CMC can be
then transplanted into damaged hearts and replace scarred or non-functional tissue.
Regarding the use of ESC or ESC-derived CMC, the most compelling issue is ethical
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because of the source from which ESC are isolated. People are divided on the ques-
tion of whether the promise of considerable therapeutic breakthroughs can be
weighed against the ethical problem connected with the destruction of early human
life [14]. Nonetheless, embryo destruction is not the only problem we face in the
ESC research field. For example, the developmental potential of ESC is another chal-
lenging problem. In the public debate on the use of early human embryos, the inner
cell mass of a blastocyst, the usual starting point for the production of ESC, is very
often considered just a cell cluster, namely the morula. Embryologists, however, are
still divided on the question of whether a morula or the inner cell mass constitute a
homogeneous population of cells with equal developmental information or whether
there is any cryptic spatial information embedded in this cluster. The question
remains as to whether the ensuing ESC have properties that force us to regard them
as cells that are nevertheless so close to early embryos that they deserve special pro-
tection with regard to potentiality and exceptional treatment on ethical questions.
However, in many countries this ethical dilemma is bypassed and ESC can be used
after obtaining written informed consent from the pregnant woman who decides to
donate the fertilized egg.

ESC are pluripotent and can differentiate into several specialized cell types,
including CMC. The most recognized method to induce cardiac differentiation con-
sists in growing the ESC in suspension, thus allowing the generation of embryoid
bodies (EB). The CMC derived from ESC are now well characterized [15, 16].
Their phenotype is mostly immature, so new techniques able to induce more effec-
tive differentiation are desirable.

Mostly to avoid ethical issues, investigators started to test ASC for regeneration
purposes. Different types of ASC from mice, rats, pigs, and humans have been
administered in experimental models of permanent coronary ligation and ischemia/
reperfusion injury (I/R). A great variety of readouts have been employed to evaluate
the effects of ASC transplantation into injured hearts, and all the analyses have doc-
umented an overall reduction in infarct size, less severe ventricular remodeling, and
improved vascularization [17, 18]. Furthermore, ASC administration improved ven-
tricular function in most cases. Much of the research in cardiovascular regenerative
therapies has been conducted using bone marrow-derived mesenchymal stem cells
(BM-MSC). In particular, it has been demonstrated that the administration of
BM-MSC can rescue damaged hearts and improve cardiac function in animal mod-
els of AMI and improve vasculogenesis in chronic ischemia models [19].

Unlike ESC, BM-MSC are multipotent and not pluripotent, and can be propa-
gated in culture only for a limited number of passages. Despite these limitations,
BM-MSC seem to be a good population for regenerative cell therapy, primarily
because they are not limited by ethical or legal restrictions. Furthermore, BM-MSC
can be easily isolated and expanded ex vivo from a tissue biopsy or from peripheral
blood; thus, they can be used for autologous transplantation and immunosuppres-
sive therapy is not required. Unfortunately, the efficiency with which BM-MSC
differentiate into CMC is extremely low and the beneficial effects documented are
mostly mediated by paracrine mechanisms [20-22]. Another important ASC type
for cardiac regeneration is represented by CSC, tissue-specific progenitors har-
bored within the adult mammalian heart [23-26]. The isolation of CSC has raised
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harsh discussion in the scientific community since it contradicted the old concept
according to which the adult heart was considered a post-mitotic organ without any
regenerative capability. However, extensive evidence from genetic studies has
established that CSC are able to generate new adult CMC, for example lost by
injury, throughout adult life [27]. Moreover, it is a new but accepted concept that
CMC death and CMC renewal occur and are physiological events participating to
cardiac homeostasis and in which the CSC play a pivotal role [24]. These findings
have opened new perspectives and made possible to hypothesize new approaches
for the treatment of cardiac disease by considering the heart an organ with regen-
erative potential like the liver and skin. CSC were first characterized as c-kit posi-
tive cells and CD45 negative cells: c-kit is the receptor of the stem cell factor and
CD45 is a common hematopoietic marker. Recently, also other different membrane
epitopes, such as Sca-1 and Flk-1, were identified as characterizing CSC markers.
Also transcription factors, for example, NKX2.5 and GATA4 have been identified
in certain sub-types of CSC and then used to identify and characterize CSC in the
embryonic and adult life [28]. These cells display very attractive therapeutic poten-
tial, since they are clonogenic, self-renewing, and both in vitro and in vivo are able
to generate the three main cell components of the myocardium: CMC, VSMC, and
EC [23, 24, 26]. When CMC are cultured in suspension they form cardiospheres,
similar to the same structures which ESC generate during their cardiac differentia-
tion, namely EB [29]. Cardiospheres consist of a mixture of CSC and differentiat-
ing progenitors. Cardiosphere cells stain positive for the endothelial marker, von
Willebrand factor, and also for the cardiac differentiation markers, myosin heavy
chain and cardiac troponin I (¢Tnl), demonstrating their ability to differentiate into
distinctive lineages with proper stimulus. As for ESC, a method to improve the dif-
ferentiation capacity of ASC is mandatory in order to achieve clinically relevant
cardiac regeneration [30-32].

The biggest discovery in the last 15 years in the stem cell field was reported by
Takahashi and his colleague Yamanaka: starting from dermal fibroblasts they were
able to create a cell type exhibiting the morphology and growth properties of ESC
and expressing pluripotency markers, namely iPS cells. With this approach they
overcame the ethical problems related to the isolation of ESC from the inner cell
mass of the blastocysts because they obtained the iPS cells from fibroblasts, fully
differentiated cells, which are easily isolated with a minimally invasive biopsy.
Nuclear reprogramming with ectopic stemness factors has provided the opportunity
to generate autologous patient-derived iPS from adult somatic cells [33, 34]. The
ability of both mouse and human iPS to differentiate into functional CMC has been
well demonstrated and the ability of these cells to engraft in the infarcted heart has
been assayed by intramyocardial injection of functionally undifferentiated iPS. It
has been shown that iPS can engraft and improve contractile function of infarcted
myocardium while attenuating adverse remodeling in immunocompetent mice.
Only in immunocompetent mice, was the environment after cardiac transplantation
permissive for differentiation, whereas in immunodeficient mice, tumor develop-
ment was observed, which highlights the importance of immune surveillance to
prevent tumor growth [35-37]. Furthermore, iPS become immunologically relevant
while they differentiate, with upregulation of histocompatibility antigens. This
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aspect would narrow the range of applications to the autologous setting [38]. Thus,
several important hurdles have to be resolved before clinical translation of iPS-
based therapies can become reality, including safety issues to prevent tumor growth
that may require determination of the appropriate differentiation of iPS-derived
cells and removal of residual undifferentiated cells before transplantation [36, 39].
In addition, up-scaling to achieve effective iPS-based cell generation will be
required. Also in the case of iPS-derived CMC, the efficiency of cardiac differentia-
tion is limited and would need a boost in order to achieve fully mature CMC.

More recently, it has been described how to directly convert fibroblasts into
another cell type by introducing a combination of transcription factors into these
cells. The direct reprogramming approach is particularly attractive because it
bypasses the integration step of the CMC into the damaged heart tissue. In 2010,
Vierbuchen and colleagues succeeded in making neuronal-like or induced neuronal
cells by introducing three genes, encoding transcription factors necessary for neuro-
nal differentiation, into mouse fibroblasts [40]. This was the first successful report
of direct reprogramming without the need of a middle step with iPS cells, using
organ-specific transcription factors. Following this study, it has been speculated that
mouse neonatal cardiac fibroblasts may be converted into CMC-like cells through
the introduction of genes encoding cardiac-specific transcription factors such as
GATA4, MEF2C and TBXS [41]. In the future, this strategy may provide a safer and
novel alternative to cell transplant. Particularly, direct reprogramming technology
would represent an ideal treatment for post-AMI damage by turning the fibrotic tis-
sue of the scar into new cardiac tissue. However, in order for direct reprogramming
to be used in clinical applications, the efficiency of this method must be optimized
and a nontoxic/non-integrating inducer identified and developed. Currently, the
reprogramming efficiency of fibroblasts into mature CMC is variable and low.
Although there are several reports on the direct reprogramming of human cardiac
fibroblasts into CMC, further studies are required for optimization [42].

miRNA: Little Molecules, Big Effects

The myocardial regeneration process involves different types of molecules such as
cytokines, chemokines, growth factors, nuclear factors, and miRNA. In recent years,
all of these molecules have been studied and miRNA resulted to be the most attrac-
tive and promising agents. miRNA are a class of 21-25 nucleotide noncoding RNA,
which share common biogenesis and effector pathways. miRNA can either be
derived from genes or introns during splicing. Those derived from genes are ini-
tially transcribed in the nucleus, by RNA polymerases (II and III), into primary
transcripts called pri-miRNA, which are processed into pre-miRNA by a micropro-
cessor complex consisting of the Drosha enzyme and RNA-binding protein,
DiGeorge critical region 8 (DGCRS) [43, 44]. The initial pri-miRNA precursors
have long hairpin structures with a terminal loop and flanking segments. The flank-
ing segments are essential for the binding of DGCRS to the pri-miRNA genes [45].
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miRNA derived from introns are called “mirtrons” and enter the miRNA biogenesis
pathway bypassing the Drosha-mediated cleavage [46]. The pre-miRNA are then
transported through a nuclear pore into the cytoplasm by an exportin-5 transporter
protein, where they are further processed into a double-stranded nucleotide interme-
diate by Dicer, an RNAse III enzyme. The intermediates are further processed into
mature miRNA by Dicer [47]. These mature miRNA unwind within the complex,
resulting in a single miRNA strand, which is finally incorporated, along with
Argonaute (Arg) proteins, into an RNA-induced silencing (RISC) complex. The
miRNA strand guides the RISC complex to conserved recognition sites on target
mRNA, where either translation is directly repressed by the miRNA or the target
mRNA is degraded. This largely depends on the complementary match of the
miRNA to the target mRNA, which is mediated by the associated Arg proteins.
Typically, more than one binding site is present on the 3’ untranslated region (uTR)
of the target, thus numerous miRNA can bind cooperatively to a 3’ uTR to provide
stronger repression [48]. However, the mechanisms of translation repression are
only partially understood. In addition to translation repression, mammal miRNA are
thought to induce target degradation, similar to small interfering RNA (siRNA)
[49]. Moreover, some miRNA might have motifs that redirect them to the nucleus
where they can mediate transcriptional, rather than the more usual posttranscrip-
tional, gene silencing [50, 51]. Finally, new data indicate that miRNA might also
stimulate translation: these different findings have sparked some controversy, and
more work will need to be done to elucidate the mechanisms by which miRNA
regulate gene expression [52—-54]. miRNA are known to exist in a variety of differ-
ent terminally differentiated cells, but also inside stem cells, where they act as
molecular regulators of gene expression. The physiological roles of miRNA are
only partially known and need to be better characterized. However, the involvement
of different miRNA in heart embryogenesis, heart disease, and differentiation of
stem cells into CMC has already been described. Here, we attempt to summarize the
most relevant discoveries reported so far on the role of miRNA in cardiac
regeneration.

Role of miRNA in Heart Embryogenesis

The heart is the first organ to function during vertebrate embryogenesis. Heart
development is a complex process involving the integration of multiple cell lin-
eages. Abnormalities in heart formation may lead to congenital heart disease, the
most common human birth defect, and abnormalities in the function of the adult
heart result in a spectrum of fatal disorders, including arrhythmias, cardiomyopa-
thies, heart failure, and sudden death [55].

At the molecular level, the developmental process involves several transcription
factors, transcriptional co-activators and repressors, their corresponding enhancer
and promoter elements and chromatin-modifying enzymes, generating a complex
gene network that coordinates heart development. The discovery of the regulatory
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role of noncoding RNAs, and miRNA in particular, has added a new layer of com-
plexity to our understanding of cardiovascular development. Their primary role
seems to be the “fine-tuning” of gene expression to control development and tissue
homeostasis [56]. The critical role of miRNA during cardiac development was dis-
covered by studying loss-of-function mutations of the miRNA-processing enzymes
Dicer and Drosha/DGCRS. Albeit global deletion of miRNA-processing enzymes
causes lethality during early gestation [57], conditional knockout of these enzymes
in specific cell lineages has highlighted their essential roles during heart develop-
ment. Conditional deletion of Dicer using Cre recombinase under the control of the
endogenous NKX2.5 regulatory region (NKX2.5—Cre) abolished the processing of
pre-miRNA into their mature form in early cardiac progenitors at embryonic day 8.5
[58]. Early deletion of Dicer in cardiac progenitors led to embryonic lethality result-
ing from cardiac failure at embryonic day 12.5 [58]. The ventricular myocardium of
NKX2.5-Cre-knockout mice was poorly developed and the heart exhibited signs of
pericardial edema. miRNA are also necessary for cardiac outflow tract alignment
and chamber septation [59]. The development of the outflow tract involves the coor-
dinated regulation of cell proliferation, differentiation, migration, and apoptosis of
multiple cell types, including those derived from the neural crest. These cells are
required for proper development of craniofacial structures, as well as development
of the great arteries and outflow tract septation [60]. Selective deletion of Dicer
from the neural crest lineage causes severe defects in craniofacial and cardiovascu-
lar structures, such as the ventricular septal defect, double outlet right ventricle, and
interrupted aortic arch.

Among the miRNA involved in heart development,miRNA1 is the most abun-
dant in the mammalian heart, accounting for almost 40 % of all miRNA in the adult
murine heart [61]. In vertebrates, members of the miRNA1 (miRNA1-1, miRNAI-
2, miRNA206) and miRNA133 (miRNA133a-1, miRNA133a-2, miRNA133b)
families cluster and are generated from common bicistronic transcripts. The expres-
sion of miRNA1 and miRNA133 is cardiac and skeletal muscle specific. Gain and
loss of function experiments have established critical roles for the miRNA1 and
miRNA133 families during heart development. Gene deletion experiments on
miRNA1 have highlighted the role that it plays in the process of muscle differentiation
[62]. Overexpression of miRNA1 under the control of the isoform p of the myosin
heavy chain (BMHC) promoter disrupted embryonic mouse heart development and
was associated with thin-walled ventricles, heart failure, and lethality at embryonic
day 13.5 [58]. Overexpression of this miRNA causes a reduction in the number of
proliferating CMC without affecting the number of apoptotic cells. Genetic deletion
of miRNA1-2 provided the first demonstration of an essential role for an individual
miRNA during cardiogenesis. Surprisingly, disruption of just one member of this
miRNA1 family resulted in a range of abnormalities, including cell cycle dysregula-
tion, heart malformations, and postnatal electrophysiological defects. Heterozygous
miRNA1-2-null mice survived to reproduce, but 50 % of miRNA1-2 homozygous
null mice died between embryonic day 15.5 and birth from ventricular septal defects
and cardiac dysfunction. These defects can occur from dysregulation of a multitude
of events during cardiogenesis, and it is likely that miRNA1-2 regulates numerous
genes during this process. Homozygous deletion of miRNA1-2 in mice causes
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lethality, with incomplete penetrance, between embryonic day 15.5 and birth due to
interventricular septal defects [63]. Consistent with previous gain-of-function
experiments, which proposed a role for miRNA1 as a negative regulator of CMC
proliferation via translational repression of the heart and neural crest derivatives
expressed protein 2 (HAND?2), miRNA 1-2-knockout mice have an increased num-
ber of mitotic CMC and higher expression levels of HAND2 protein [63]. miR-
NA133a double mutant hearts are characterized by increased CMC proliferation
and apoptosis, profound sarcomere disarray, and cardiac fibrosis.

There are two major MHC genes ,expressed in the heart, xMHC (MYHG6) and
BMHC (MYH?7). The ratio of «MHC to PMHC affects both the contractility of cardiac
sarcomeres and cardiac energy consumption since they have distinct rates of convert-
ing ATP to mechanical work. In rodent hearts, the slower isoform PMHC is specifi-
cally expressed in embryonic and fetal stages while the faster isoform aMHC is
expressed predominantly in the adult heart. One of the most interesting and surprising
discoveries in recent years has been the finding that these muscle-specific myosin
genes are under the control of a family of intronic miRNA, known as myomiRNA
[64]. The myomiRNA consist of miRNA208a, miRNA208b, and miRNA499,
which are embedded within the introns of Myh6, Myh7, and Myh7b, respectively.
miRNA208a and miRNA208b have identical “seed” sequences and miRNA499 is
very similar to the miRNA208 family members, with six overlapping nucleotides
in the “seed” region, suggesting that myomiRNA probably share common target
genes and functions. These observations also imply that there has been strong
selective pressure to maintain these miRNA within myosin gene regulatory net-
works throughout vertebrate evolution [65]. Genetic loss-of-function studies in mice
have revealed that miRNA208a is not essential for cardiac development and mutants
for this miRNA are viable, have normal cardiac contractile function under baseline
conditions and do not display any overt signs of cardiac pathology up to 20 weeks of
age [66]. However, a deficiency in this miRNA may lead to a decline in cardiac func-
tion with age (up to 6 months), due to abnormalities in sarcomere structure [66].
Although these results suggest that miRNA208a is dispensable for embryonic cardiac
development, another study has revealed striking cardiac conduction abnormalities in
4 month old miRNA208a mutant mice [67]. In contrast, acute administration of anti-
miRNA208a in adult mice was not sufficient to induce any obvious electrophysiologi-
cal abnormalities, suggesting that, although miRNA208a may play an important role
in the development of the cardiac conduction system, its function is not required for
maintenance of electrical conduction in adulthood [68]. Despite the relatively subtle
effects of miRNA208a loss-of-function on cardiac development, miRNA208a is
indispensable for mediating some aspects of the cardiac stress response during pres-
sure overload or hypothyroidism. One of the verified targets of miRNA208a is thyroid
hormone receptor-associated protein 1 (THRAP1), which is a key component of the
thyroid hormone signal pathway. Deletion of miRNA208a resulted in an increase in
THRAPI expression and enhanced thyroid hormone receptor mediated suppression of
MYH?7 [64]. Thus, the miRNA208a/THRAP connection may explain why miR-
NA208a and thyroid hormone are involved in cardiac hypertrophy. Consistent with
these findings, miRNA208a overexpression in transgenic mice is sufficient to induce
BMHC/MYH?7 upregulation prior to the onset of any overt signs of cardiac hypertrophy
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and/or pathology [66]. Conversely, developmental loss of miRNA208a does not appear
to have any effect on PMHC protein levels in the embryonic and neonatal heart, sug-
gesting that distinct regulatory hierarchies control the expression of fMHC/MYH?7
during embryogenesis and under conditions of cardiac stress in adulthood [66, 69].
Complete loss-of-function of miRNA208a, miRNA208b, and miRNA499 will be
required to overcome potential issues of functional redundancy and to fully assess
the functions of the myomiRNA network during embryonic heart development.
Using an elegant series of genetic deletions and rescue experiments, van Rooij et al.
demonstrated that re-expression of miRNA499 in the adult heart is sufficient to
reactivate MYH7, MYH7b, and miRNA208b expression, as well as prevent aber-
rant upregulation of fast skeletal muscle troponin isoform, in hypothyroid miR-
NA208a-mutant mice [69]. These results indicate that miRNA499 is a major
downstream effector of the actions of miRNA208a in the heart and define a posi-
tive-feedback loop, whereby miRNA208a regulates the expression of MYH7b and
its intronic miRNA499 which, in turn, regulates BMHC. The miRNA17-92 cluster,
also known as oncomiRNAI1, consists of five miRNA (miRNA17, miRNA18a,
miR19a, miRNA19b-1, and miRNA92-1), belonging to four miRNA families that
are generated from a common pri-miRNA transcript. Despite the well-known
involvement of the miRNA17-92 cluster in tumorigenesis, recent mouse genetic
studies reveal that this miRNA cluster is essential for cardiac development and
function. Ventura et al. generated null mice for the miRNA17-92 cluster as well as
its paralogs miRNA106b-25 and miRNA106a-363 [70]. Complete deletion of the
miRNA17-92 cluster resulted in smaller embryos and perinatal lethality. Mutant
animals displayed thin ventricle walls, ventricular septal defects, and lung hypopla-
sia. While deletion of the other two paralogs individually did not affect heart devel-
opment or survival, compound loss of either miRNA106b-25 or miRNA106a-363
with miRNA17-92 led to embryonic lethality with higher penetration than the
miRNA17-92 deletion alone. Together, these studies established the primary effect
of the miRNA17-92 cluster in cardiac development in a dose-dependent manner
with the other two paralogs [70].

Heart development requires precise coordination of cell fate determination, pattern
formation, and cell movement [71]. In these highly conserved events, transcriptional
networks accurately control specific gene expression in a spatial and/or temporal
manner [72]. It is not surprising that recent investigations revealed that miRNA regu-
late cardiac patterning. Morton and coworkers found that miRNA138 is expressed in
specific domains of the zebrafish heart and is required to establish appropriate cham-
ber-specific gene expression patterns [73]. Disruption of miRNA138 by morpholino
and antagomir in zebrafish embryos led to expansion of the atrio-ventricular canal
(AVC)-restricted genes to the ventricular chamber. As a result, ventricular CMC failed
to fully mature. These observations suggest that miRNA 138 regulates cardiac pattern-
ing during heart development by restricting AVC gene expression.

Further evidence for a role of miRNA during vertebrate cardiac morphogenesis
and patterning comes from recent gain- and loss-of-function studies of miRNA218 in
zebrafish. The miRNA218 family consists of three highly conserved members
including miRNA218a-1, miRNA218a-2 and miRNA218b. In vertebrates, miR-
NA218a-1 and miRNA218a-2 are intronically encoded in the slit2 and slit3 genes,
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whereas miRNA218Db is intergenic. Knock-down of miRNA218 using two different
morpholinos in one- to two-cell zebrafish embryos results in cardiac morphological
defects, impaired migration of heart field progenitors to the midline during heart
tube formation and pericardial edema at 48 h postfertilization, but does not cause
any severe vascular defects [74]. Furthermore, a sub-phenotypic dose of roundabout
homolog 1 (Robol) morpholino significantly rescued the miRNA218 morphant
phenotype, suggesting that miRNA218 regulates heart field migration and heart
tube formation through modulation of Robol dosage [74].

In summary, it is clear that several miRNA and miRNA families are involved in
cardiac development. It is also clear that a more in-depth knowledge of the mecha-
nisms of action through which these miRNA regulate cardiac development should
lead to future therapies modulating specific miRNA also in the adult heart to achieve
cardiac regeneration.

miRNA and Differentiation of Stem Cells into Cardiomyocytes

Mostly by adopting data obtained from embryogenesis studies, investigators started
to test the hypothesis of using miRNA to induce cardiac regeneration (Fig. 7.1).
From a therapeutic point of view, understanding the role of miRNA in stem cell dif-
ferentiation toward the cardiac lineage is of great relevance [75]. Since the differen-
tiation of ESC into CMC is considered the gold standard assay, when studying
cardiac regeneration, the role of miRNA has been tested mostly using this experi-
mental model.

Several intriguing observations have been reported. For instance, it has been
shown that miRNA 145 regulates the expression of target genes which play a pivotal
role in maintaining the pluripotency of ESC: OCT4, SOX2, and KFL4 [78]. ESC
maintain their pluripotency when these three genes are expressed in a specific man-
ner and with a certain balance. However, an upregulation or downregulation of
either one of these genes can trigger ESC differentiation toward specialized cell
types. For example, an increase in OCT4 protein converts ESC into primitive endo-
derm and mesoderm, whereas repression of OCT4 results in trophectoderm [76].
An increase in SOX2 protein triggers ESC differentiation into neuroectoderm,
mesoderm, and trophectoderm [77]. miRNA145 in ESC are able to repress the
expression of OCT4, SOX2, and KLF4, providing modulation of the three genes’
levels when their copy numbers are in excess [78]. This is only one example of the
miRNA action on ESC and it supports the notion that miRNA molecules are strong
regulators and counterbalance the strength of the ESC transcription circuitry.

Arole for miRNA1, miRNA133, miRNA499, and miRNA208 in the differentia-
tion of ESC into CMC has been reported [79, 80]. The role of miRNAI1 and
miRNA133 seems controversial. Reduced levels of miRNA1 and miRNA133 have
been observed in mouse ESC following artificial induction of myocardial
differentiation using trichostatin A, a histone deacetylase inhibitor [79]. Moreover,
overexpression of miRNA1 and miRNA133 reduced the expression of the specific
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cardiac gene NKX2.5 in ESC. Overexpression of miRNA1 also seems to inhibit the
translation of cyclin-dependent kinase-9 (CDK9), which is known to activate
cardiac-specific transcription factor GATA4 [79]. miRNA1 also targets the tran-
scription factor that plays a major role in the formation of ventricular CMC [58].
This evidence suggests that both miRNA1 and miRNA133 tend to inhibit cardiac
differentiation of ESC. However, other studies demonstrate that the role of these two
miRNA is probably bi-modal and likely depends by their expression level during the
differentiation process. For instance, it has been shown that miRNA1 can repress the
notch ligand delta-like 1 (DLL1), which in turn promotes the expression of cardiac
genes and suppresses the expression of noncardiac genes [81]. Studying miRNA
profiling of human ESC-derived CMC, Wilson and collaborators were able to show
that several miRNA, including miRNA1, miRNA208, and miRNA133, significantly
changed expression during differentiation [82]. Other miRNA also showed cardiac-
specific expression; among them, miRNA499 was strongly associated with cardiac
differentiation and appeared to share many predicted targets with miRNA208.
Overexpression of miRNA499 caused upregulation of the cardiac transcription factor
MEF2C and co-expression of miRNA499 with miRNA1 resulted in the upregulation
of cardiac myosin heavy-chain genes in EB [82]. On the contrary, inhibition of
miRNA499 action blocked cardiac differentiation, demonstrating that miRNA499
controls the cardiac commitment of ESC.
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Besides miRNA1, miRNA133, miRNA499 and miRNA208, other miRNA are
involved in ESC cardiac differentiation. For example, miRNA196a, miRNA196b,
and miRNA467e are expressed at significantly lower levels in beating areas com-
pared with non-beating areas, suggesting that the expression of these miRNA may
be inversely correlated with ESC differentiation [83].

The miRNA17-92 cluster has also been associated with cardiac differentiation of
ESC [84]. This cluster operates via repression of a number of pro-apoptotic pro-
teins, including Bim, which contains 3’-uTR-binding sites for miRNA19, miRNA?25,
and miRNA92. Moreover, the Bim gene sequence also targets other miRNA
sequences, such as miRNA93, miRNA106, and miRNA363, but the role of these
miRNA during ESC differentiation into CMC needs to be clarified. The same
miRNA implicated in the regulation of ESC differentiation into CMC have also
been reported to play a role in ASC cardiac transformation. Mixed results have been
reported for the roles of miRNA1 and miRNA133 in regulating the function of CSC
and also of cardiac progenitors cells (CPC) [58, 81]. For example, miRNAI
increased differentiation of CSC by repressing the translation of DLLI, a transcrip-
tion factor that promotes the expression of cardiac mesoderm genes and suppresses
the expression of non-mesoderm genes [81, 85]. Conversely, miRNA133 seems to
inhibit this process thus repressing the differentiation of CSC. Although the molecu-
lar nature of this repression is unclear, the negative elongation factor-A (NELF-A),
which is known to promote cardiogenesis, has been identified as a target for
miRNA133 [86]. It is also known that miRNAT1 indirectly upregulates MEF2C, an
essential muscle-related transcription factor, by targeting the transcriptional co-
repressor histone deacetylase 4 (HDAC4), thereby promoting myogenesis.

The cardiac-specific miRNA499 seems to strongly promote differentiation of
ASC. Indeed, the overexpression of miRNA499 in human CPC indirectly promoted
cardiac differentiation by targeting sex determining region Y-box 6 (SOX6) and
regulator of differentiation 1 (ROD1) in vitro [80, 87]. In confirmation of the key
role of miRNA499, when its activity was blocked using specific oligonucleotides
the differentiation of CSC was prevented [80].

Other less common miRNA, such as miRNA204, miRNA124, miRNA669a,
miRNA669q, miRNA23a, and miRNA23b, play a role in promoting the differen-
tiation of CPC [88, 89]. For instance, miRNA204 is moderately expressed in adult
CMC but its level results increased in differentiating CPC [88]. When studying the
differentiation of CSC, miRNA204 inhibition significantly downregulated the
expression of sarcomeric proteins, including cardiac troponin T (¢TnT), PMHC,
and cActin, which are structural cardiac proteins found in mature and functional
CMC while miRNA204 mimics significantly upregulated PMHC and early cardiac
transcription factor expression, including MEF2C, GATA4, and NKX2.5 [88].
miRNA 124 seems to control CMC differentiation of BM-MSC by targeting STAT3
signaling, a pathway which plays an essential role in self-renewal, trans-
differentiation, and paracrine actions of ASC [90, 91]. miRNA124 is also able to
regulate the differentiation of BM-MSC into CMC affecting the expression of the
atrial natriuretic peptide (ANP), cTnT, aMHC and GATA4, NKX2.5, and TBXS genes
[43]. Recent evidence supports the translational potential of miRNA-mediated cardiac
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differentiation of stem cells for heart disease. Transplantation of ESC overexpress-
ing miRNAI1 in the border zone of infarcted mouse hearts seems to repair the myo-
cardium from ischemic injury in vivo [92, 93]. miRNA1 inhibited expression of
phosphatase and tensin homolog (PTEN) in ESC, triggered the phosphoinositide3-
kinase/Akt signaling pathway, improved cardiac function, enhanced CMC differen-
tiation, and attenuated apoptotic cell death [92, 93]. Similarly, overexpression of
miRNA499 in c-kit" CSC improved CMC differentiation and promoted restoration
of myocardial mass following injection into the border zone of infarcted rat hearts
and resulted in the improvement of myocardial function [87]. Thus, ectopic expres-
sion of miRNA in CSC and CPC can alter the differentiation potential of engrafted
cells in vivo and could be used to improve the efficacy of stem cell therapies for
heart disease.

Synergic Effect of Different miRNA in Cardiac Differentiation

Very recently, our group investigated whether the concomitant overexpression of
different miRNA can synergically improve the differentiation of cardiac progenitors
and ASC into CMC [94]. To test this hypothesis, we first used P19 cells, a well-
known and well-established cell line, to study cardiac differentiation. Our results
demonstrated that miRNA499 is a powerful activator of cardiac differentiation.
However, when co-expressed with miRNA133 the results were significantly and
strikingly superior compared with the overexpression of miRNA499 alone. In par-
ticular, miRNA499 plus miRNA133 almost doubled the number of beating EB
compared with miRNA499 alone. Most importantly, by simultaneously overex-
pressing miRNA499 and miRNA133 the number of P19 cells expressing cTnl was
30-fold greater compared with the standard differentiation protocol. In addition, the
expression of genes encoding for cardiac-specific transcription factors, such as
GATA4 and NKX2.5, and cardiac-specific proteins, such as connexin43 (Cx43) and
¢TnT, was enhanced in cells treated with miRNA499 plus miRNA133. Gene expres-
sion analysis documented that our protocol results in the production of both atrial
and ventricular myocytes, as testified by the overexpression of MLC2A and IRX4,
two well-known differentiation markers. Western blot and immunocytochemistry
analyses confirmed that cardiac proteins are indeed expressed at higher levels when
P19 cells are co-transfected with miRNA499 plus miRNA133. Importantly, func-
tional electrophysiological characterization of contracting EB reinforced evidence
that miRNA499 and miRNA133 synergistically induce cardiac differentiation. To
verify whether miRNA499 and miRNA133 exert their effects also on other cell
types, more suitable for clinical use, we tested our protocol on fetal MSC derived
from the amniotic membrane of human placenta (A-MSC). Gene and protein
expression analyses showed that miRNA499 and miRNA133 are able to induce the
differentiation of A-MSC into cells expressing typical cardiac markers such as
NKX2.5, GATA4, cTnT, Cx43, the ryanodine receptor 2 (RYR2), and CAV1.2. It
was impossible to document the same results using a different combination of
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miRNA, confirming that only the couple miRNA499/miRNA133 triggers the dif-
ferentiation of A-MSC toward a cardiac-like phenotype. These results suggest that
the machinery regulated by miRNA is far more complex than expected and that the
optimization of a differentiation protocol involving the modulation of miRNA will
require more in-depth studies. However, they also confirm the notion that by over-
expressing, probably in a time specific manner, certain miRNA will help produce
more mature CMC, and more efficiently compared with methods used so far.

Direct Reprogramming with miRNA to Regenerate
Cardiac Tissue

The discovery of iPS in 2006 by Takahashi and Yamanaka [33] inspired a new
approach that aims to generate specific cell types without the need to transition
through a stem cell state by introducing combinations of lineage-specific factors,
called direct reprogramming. Recent studies demonstrated that direct reprogram-
ming has the potential to yield a diverse range of cell types including CMC and EC
[41, 95]. These findings indicate that cell fate plasticity is much wider than previ-
ously anticipated, and that direct reprogramming may offer a new system to study
the mechanisms underlying cell fate decisions during development, which is cur-
rently a major focus of investigation in basic biology and translational medicine.
The first direct reprogramming was attempted by modulation of transcription fac-
tors. Srivastava’s group demonstrated that a cocktail of three cardiac-specific transcrip-
tion factors, GATA4, MEF2C, and TBXS, referred with the acronym GMT, was
sufficient to reprogram mouse cardiac fibroblasts (CF) into induced CMC in vitro [96].
Subsequently, Srivastava and Olson laboratories independently reported that endoge-
nous CF could be directly reprogrammed into CMC to improve the cardiac function of
infarcted mouse hearts by gene delivery of GMT with or without HAND2 [97, 98].
Other studies showed that human fibroblasts could be also reprogrammed into
CMC with various combinations of cardiac transcription factors in the presence or
absence of miRNA, even though the efficiency was lower compared with that
observed in mice [99, 100]. A very interesting finding comes from the Dzau’s labora-
tory, showing that it is possible to achieve direct reprogramming just by using miRNA
[101]. Testing different miRNA with a combinatorial approach, Dzau and collabora-
tors showed that miRNA1 and the combination of miRNA1, miRNA133a, and miR-
NA208a induced the expression of early markers of commitment to the CMC lineage.
Even though miRNA1 alone was found to be sufficient to drive cardiac gene expres-
sion, the efficiency was higher in combination with miRNA133a and miRNA208a.
Additional studies showed that the addition of miRNA499 further augmented the effi-
ciency of cardiac reprogramming. The authors named this combination “miRNA
combo” (miRNA1, miRNA133a, miRNA208a, and miRNA499) and showed that a
single transient transfection with this “miRNA combo” was sufficient to induce
fibroblasts to express cardiac markers, such as MEF2C and aMHC. Full maturation
of the reprogrammed cells was observed only after prolonged culture. Approximately
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4 weeks after transfection, organized sarcomeres, contraction, and spontaneous
calcium transients were documented. Most importantly, it has been shown that the
administration of “miRNA” combo into mouse infarcted hearts converted resident
cardiac fibroblast into induced CMC and improved cardiac function. By lineage trac-
ing of non-myocytes it was documented that 12 % of CMC at the infarct border zone
were newly generated. The induced CMC generated by in vivo reprogramming
expressed typical cardiac markers, sarcomeric organization, excitation—contraction
coupling, and action potentials characteristic of mature ventricular CMC. Serial
echocardiographic examinations revealed that there was a time-delayed and progres-
sive improvement in ventricular function, beginning 1-2 months post-surgery and
was enhanced at 3 months, which was similar to the period reported for reprogram-
ming with transcription factors. For clinical applications, the development of a non-
viral delivery method, such as synthesized miRNA mimics, it is certainly an attractive
therapeutic option, as they do not integrate into host chromosomes. Together, these
results suggest that the abundant pool of endogenous CF could be a cell source for
new CMC by direct reprogramming and that this new technology could improve
cardiac function and reduce scar size after AMI. Moreover, the in vivo induced CMC
are more mature than those in vitro, suggesting that the in vivo environment may
improve the quality of cardiac reprogramming [102].

Giacca’s group suggested that it is possible to experimentally drive adult mam-
malian CMC toward a proliferative state and use this approach to regenerate infracted
mouse hearts [103]. In their elegant study, in vivo proliferation of mature CMC was
achieved by manipulation of miRNA expression. With a high-throughput analysis
and high-content microscopy screening, the proliferation ability of neonatal CMC
were analyzed by using more than 800 miRNA mimics. The study focused on finding
miRNA able to enhance the expression of proliferative markers such as Ki67 and the
incorporation of DNA analogs, such as 5-ethynyl-deoxyuridine, as indicative of
DNA synthesis. The authors found 204 miRNA that induce the proliferation of rat
and mouse CMC more than twofold. Among these 204 miRNA, two were identified
as the most efficient inducers of CMC proliferation: miRNA199a-3p and miRNAS590-
3p. The delivery of these two promising miRNA with adeno-associated virus (AAV)
in infracted mouse hearts was sufficient to achieve a high increase in the number of
proliferating CMC, a reduction of infarct size and a significant improvement of car-
diac function after myocardial infarction. This elegant study demonstrated how
endogenous cardiac regeneration can be achieved through activation of native CMC
proliferation and expansion.

miRNA-Based Therapeutics for Myocardial Regeneration

The results summarized in this chapter highlight the pivotal role that miRNA play
in cardiac development, reprogramming, and stem cell differentiation. It appears
reasonable to hypothesize that targeting specific miRNA might be a rational strat-
egy for cardiac regenerative therapy. In particular, miRNA-based therapy can be
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used to promote CMC proliferation, to directly reprogram fibroblasts into CMC, as
well as driving the differentiation of ESC, iPS or ASC into CMC. Obviously there
are still several issues that need to be addressed before miRNA can be taken into the
clinic. The most obvious is defining which combination of miRNA may result the
most efficient in determining cardiac regeneration. So far, different results obtained
in different species do not allow to reach any definitive conclusion. Moreover,
besides the miRNA already explored, there might be others equally important or
even more important for cardiac differentiation. New technologies and additional
studies will shortly shed light on this issue.

Another crucial question is how these miRNA will be delivered into the patient.
Retro-, lentiviruses, and AAV are all suitable delivery systems each with their own
specific advantages and disadvantages [104]. The AAV approach is probably the
most suitable since they do not integrate into the host genome. Major efforts have
been made to design and deliver pharmacologically active synthetic miRNA, or
miRNA mimics/mimetics. The first strategy developed for systemic delivery of
miRNA consisted in synthesizing chemically modified miRNA to prevent their deg-
radation by nucleases in the blood circulation. The disadvantage of this strategy is
the possible rapid renal and hepatic clearance, resulting in short miRNA half-life. A
second delivery strategy is focused on nanoparticle formulation for passive diffu-
sion into target tissues based on enhanced permeability and retention effects.
Although miRNA formulated in nanoparticles can enhance favorable tissue distri-
bution compared with naked miRNA, the degree of enhancement is often not suf-
ficient. A third-generation delivery strategy has recently emerged which adds
surface modifications to the nanoparticles, allowing specific binding to the target
cells, facilitating the internalization of nanoparticles into the target cells through
receptor-mediated endocytosis [105]. Non-viral carriers such as polymer or lipid-
based delivery vehicles have been developed and have delivery profiles. Even though
non-viral delivery systems usually show lower transfection efficiency and shorter
duration of target gene expression compared with viral vectors, recent studies suc-
cessfully demonstrated that they can achieve clinically relevant efficiency upon spe-
cific modifications [83, 106]. Non-viral miRNA carriers use inorganic nanoparticles
made of gold, carbon and biocompatible silica, non-immunogenic and nontoxic
materials [107]. Also polyethylene glycol (PEG) has been modified with gold and
has exhibited high miRNA loading capacity and low toxicity with efficient endo-
somal release [105]. Another miRNA delivery method that has been widely studied
is the polymer-based delivery. The most common polymers used for this application
are poly-lactic-coglycolic acid (PLGA) and polyethylenimine PEI. PLGA, which
has been studied for many years and well characterized by its safe, biocompatible,
and biodegradable nature, is used for making nanoparticles with high production
efficiency and stable mechanical properties. PLGA-based nanoparticles are capable
of sustained release in the cytosol through endo-lysosomal escape owing to reversal
of the surface charge after cellular internalization [108].

miRNA therapeutics for heart repair do not necessarily or exclusively rely on the
overexpression of certain miRNA but may also implicate the downregulation of
miRNA. One way to block miRNA action is through antagomiR, which are miRNA
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modified with cholesterol or phosphorothioate moieties to increase their stability
in vivo. AntagomiR have been used, for example, to reduce the expression of
miRNA that mediate pathological response after myocardial injury [109]. Most
importantly, antagomiR may also prove to be useful for cardiac reprogramming.
It is well known that there are significant barriers to reprogramming. Cell type-
specific miRNA prevent translation of lineage-inappropriate mRNA. Targeting
these cell type-specific miRNA with antagomiR will likely enhance cardiac repro-
gramming. CMC proliferation, differentiation, and reprogramming involve the
coordinated action of many proteins acting in multiple pathways.

Conclusion

miRNA have become a source of great excitement as regulators of cardiac differen-
tiation because they provide new insights into heart repair and can be therapeuti-
cally targeted. However, much remains to be investigated, specifically the precise
mechanisms of miRNA action in cardiac differentiation and direct reprogramming
and whether such modest regulators can, indeed, be modulated in settings of chronic
disease and in a tissue-specific manner. Certainly we need to avoid a tendency to
oversimplify the mechanistic basis of miRNA functions in the context of single
downstream targets, but this is clearly not their primary mode of action. Thus, we
need a deeper understanding as well as system biology approaches to fully explain
miRNA activity under conditions of homeostasis and disease. Despite these uncer-
tainties and given the pace of this field, it seems likely that some of the many miRNA
therapeutics under study will soon enter the clinical arena in the setting of heart
failure and AMI with the ultimate goal of achieving myocardial regeneration and
restoration of cardiac function.
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Chapter 8
microRNAs and Endometrial Pathophysiology

Henry H. Chill, Uri P. Dior, Liron Kogan, and Ariel Revel

Abstract Embryo implantation requires a reciprocal interaction between the blastocyst
and endometrium and is associated with complex regulatory mechanisms. Since
their discovery, microRNAs became prominent candidates providing missing links
for many biological pathways. In recent years, microRNAs were implicated as one
of the important players in regulation of various biological and physiological endo-
metrial related processes. This chapter aims to present recent knowledge pertaining
to the diverse aspects of microRNAs in the embryo—endometrial relationship. We
will focus on the role of microRNAs in decidualization and their part in natural
and stimulated cycles. Next, we will present recent studies deliberating the role of
microRNAs in recurrent pregnancy loss and in the important phenomenon of recur-
rent implantation failure. Lastly, demonstrating an important aspect of embryo
implantation and invasion, we will outline few microRNA related shared pathways
of implantation and carcinogenesis.

Keywords Endometrium * Decidualization  Implantation * Gynecology * Angiogenesis
* Immunomodulation ¢ Pregnancy

Introduction

Implantation of an embryo in the endometrium requires a dialog between the
embryo and a receptive endometrium [1]. Decidualization is a process in which the
endometrium undergoes morphological and biological changes enabling tropho-
blast invasion and pregnancy [2]. Decidualization and implantation are regulated
complexly by a wide range of signaling molecules and transcriptional factors [3-5].
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Lately there is emerging evidence for the role of miRNA in the regulation of these
processes. The aim of this chapter is to summarize and highlight the role of miRNA
in embryo implantation.

miRNAs and Decidualization

Decidualization, characterized by morphological and biochemical transformation
of endometrial stromal fibroblast into differentiated decidual cells is critical for
embryo implantation, placental formation, and pregnancy establishment [1]. From
a clinical point of view, decidualization is the postovulatory process in which the
endometrium prepares itself for the upcoming pregnancy. Histologically, the main
endometrial alterations are extensive angiogenesis and vascular remodeling, secre-
tory transformation of the uterine glands and influx of specialized uterine natural
killer cells [2]. Flawed decidualization has been linked to severe pregnancy compli-
cations including preeclampsia [6] and placenta accrete [7].

The decidualization process is dependent mainly on progesterone signaling
pathways and is regulated by various molecular and genetic pathways. Yet, until
recently, little has been known about posttranscriptional regulation of decidual
transformation of the post-ovulatory endometrium. Qian et al. were one of the first
to describe the role of miRNA in the regulation of decidualization [8]. By microar-
ray analysis they have revealed 49 miRNA genes differentially expressed between
induced and non-induced endometrial stromal cells. They have further shown that
hsa-miR-222 has a key role in the differentiation of endometrial stromal cells.

The study of Estella et al. aimed to profile the miRNAs expression throughout
human endometrial stromal decidualization [9]. Possibly due to different molecular
methods, they have found different miRNAs than Qian et al. Three miRNAs fami-
lies, miR-181, miR-183, and miR-200, were found to be downregulated and 26
miRNAs were upregulated during the decidualization process. These miRNAs tar-
get various transcriptional factors, growth factors, extracellular matrix enzymes,
and interleukins involved in pathways related to the regulation of actin filaments, a
key process required for the correct differentiation of endometrial stromal cells.
They have also found that the RNAse Dicer has a minor effect on endometrial stro-
mal cells during decidualization.

miRNAs are differentially expressed during the physiological phases of the men-
strual cycle. One study found that miRNAs that show increased transcript abun-
dance during the mid-secretory phase are related to downregulation of the expression
of cell cycle genes, thereby suppressing cell cycle progression and cell proliferation
in human secretory-phase endometrial epithelium [10]. Figure 8.1 demonstrates
miRNAs associated with various biologic aspects of embryo implantation. As is
shown, specific miRNA are known to play important roles in decidualization, angio-
genesis, immunomodulation, adhesion, and invasion. In summary, recent discover-
ies have shown that miRNA have an important role in the decidualization process
though there is still much to be discovered regarding the complex pathways through
which this modulation takes place.
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Fig. 8.1 miRNAs associated with embryo implantation

Expression of miRNA in Natural and Stimulated Cycles

In the past few decades there has been a constant rise in the use of artificial repro-
ductive technology (ART) as a means of achieving higher pregnancy rates. Questions
have been raised regarding biological differences on the molecular level between
natural and stimulated cycles. These questions transcend to the realm of miRNA
and recently have been addressed by research targeted towards this topic.

Through microarray analysis, Zhao et al. sought to find whether endometrial
miRNA expression is affected by different luteal phase support protocols in IVF
cycles [11]. They have found that luteal support protocol has a profound influence
on miRNA profile following controlled ovarian stimulation. Specifically, progester-
one supplementation was associated with a significant increase in miRNA expression.
Those findings are in accordance with previous reports identifying differential
expression patterns of miRNA between natural and stimulated cycles.

By deep sequencing techniques, Sha et al. investigated miRNA expression pro-
files of human endometrium 2 and 7 days after the LH surge in natural cycles as
compared to those on 4 and 7 days after administration of hCG in stimulated cycles
during IVF treatment [12]. They have demonstrated a few interesting findings. First,
within the natural cycles, miRNAs targeting genes associated with cell cycle, trans-
port, cell adhesion, cell death, and metabolism were differentially expressed
between days 2 and 7 after the LH surge. Second, 22 miRNAs were significantly
dysregulated on the seventh day after hCG injection, as compared to the seventh
day after the LH surge in natural cycles. Third, miRNA expression profile on day
hCG +4 was similar to that on day LH + 7, suggesting that ovarian stimulation may
alter the window of endometrial receptivity.
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Elevated serum progesterone (P) on the day of human chorionic gonadotrophin
(hCQG) injection has been reported to occur in 2040 % of in vitro fertilization (IVF)
and embryo transfer (ET) cycles [13]. Clinical studies have demonstrated decreased
endometrial receptivity in women with high serum P concentrations [14, 15]. In an
attempt to explain the lower pregnancy rates in stimulated cycles in which proges-
terone levels are elevated, Li et al. sampled endometrial tissue 6 days after oocyte
retrieval. Through array analysis they have found that four miRNAs (mir-451, mir-
424, mir-125b, and mir-30b) were differentially regulated in normal and high pro-
gesterone level tissues [16]. Hence, ovarian steroids may have an impact on miRNA
expression and regulation in the uterus. Those findings may implicate that miRNAs
are potential biomarkers for human endometrial receptivity and may be used to
optimize IVF treatment protocol and subsequent pregnancy rate.

miRNA and Recurrent Pregnancy Loss

Approximately 20 % of all clinical pregnancies result in miscarriages [17], most of
which occur during the first trimester. Cytogenetic analyses had shown that 50 % or
more of them are related to chromosomal abnormalities [18]. Extensive research
effort is dedicated to understanding of the pathophysiology of euploid miscarriages.

Recent studies have shown that more sensitive genetic techniques, such as array
comparative genomic hybridization (array-CGH), can identify genome imbalances
in miscarriages [19]. The presence of miRNAs on both sides of the maternal—fetal
interface appears to be important for implantation and subsequent pregnancy [20].
Viaggi et al. performed an array-CGH analysis of 40 fetal tissue samples derived
from first trimester spontaneous abortions [21] and identified 45 copy number vari-
ants (CNVs). CNVs refer to extensive genomic structural variation, ranging in size
from kilobases to megabases. They can be inherited or sporadic and may have
phenotypic effects [22]. Out of the 45 CNVs identified by Viaggi et al., 14 were
classified as unique and 5 miRNAs were contained within these CN'Vs.

Through PCR analysis, Joo Jeon et al. have shown that chromosomally normal
spontaneous aborted fetuses had significantly different frequencies of the miR-
196a2CC, miR-146aCC/miR-196a2CC, and miR-149TT/miR-196a2CC genotypes
compared with control subjects [23]. The targets of those miRNAs are genes
involved in apoptosis [24], homocysteine regulation [25], implantation [26], cell
growth [27], and inflammation [28].

miRNA-mediated posttranscriptional regulation may be required for normal
embryogenesis [29, 30] and embryonic germ cell development [31]. For example,
mice studies had shown that mir-290 through mir-295 that plays important roles in
embryonic development results in partially penetrant embryonic lethality and germ
cell defects when deficient [32]. Similarly, out of eight potential miRNAs, miRNA-
450a-3p was found to represses cell proliferation and regulates embryo develop-
ment by regulating Bubl. Bubl is a critical component of the spindle assembly
checkpoint [33]. The authors therefore speculated that blockade of miR-450a-3p
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may be explored as a novel therapeutic strategy for preventing spontaneous miscar-
riages. In a recent study, miRNA 17 and 19b and their main target PTEN mRNA,
were found to be significantly down- and upregulated, respectively, in early preg-
nancy loss [34]. Also this study highlights the potential clinical implications of
miRNAs in pregnancy loss.

Recurrent pregnancy loss (RPL), defined by two or more failed clinical pregnan-
cies [35], is a major fertility concern and is experienced by approximately 5 % of
women trying to conceive [36]. A putative diagnosis will be made in approximately
50 % of patients with RPL, acknowledging that our understanding of this field is
significantly limited [37]. Polymorphisms in specific miRNAs related with RPL
implicate a possible genetic predisposition to RPL [38, 39].

Hu et al. described one nucleotide mutation in pri-miR-125a which related to
RPL. By scanning pri-miR-125a coding region in 389 Chinese women with RPL it
was indicated that an A>G mutation reduced mature miR-125a expression and led to
less efficient inhibition of specific target genes [40]. Further evidence associates regu-
lation of human leukocyte antigen (HLA)-G by mir-133a to RPL, by reducing its
translation [40]. HLA-G is expressed in the placenta throughout gestation [41].
Because of its unique expression pattern at the fetal-maternal interface, it has been
postulated that HLA-G plays a critical role in maternal immune tolerance to the fetus
[42]. Alteration in its expression, due to overexpression of mir-133a may be related to
RPL, raising the possibility that miR-133a may be another target for treatment of RPL.

Natural killer (NK) cells, an important component of the innate immune system,
form the largest population of leucocytes in the endometrium [43] and are adjacent
to trophoblast cells in early pregnancy. Many studies have associated a high density
of uterine NK cells with RPL [44]. Liu et al. revealed that miRNA-155 overexpres-
sion enhanced and miRNA-155 antagonist impaired the NK cell-mediated killing
activity, indicating that miRNA-155 plays an important role in the control of NK
cell cytotoxicity [45]. These findings may have clinical relevance for targeting
miR-155 in RPL.

miRNA and Recurrent Implantation Failure

Implantation failure, particularly the unexplained repeated implantation failure
(RIF), is still the unsolved and principal problem to affect the outcome of assisted
reproductive technology [46]. In a previous study Revel et al. identified 13 miR-
NA:s, differentially expressed in RIF endometrial samples, which putatively regulate
the expression of 3800 genes. It was found that ten miRNAs were overexpressed
(including miR 145, 23b, and 99a) and three were underexpressed. Consistent with
the miRNA-predicted targets, mRNA levels of N-cadherin, H2AFX, netrin-4 and
secreted frizzled-related protein-4, belonging to the cell adhesion molecules, Wnt
signaling and cell cycle pathways were lower in RIF-IVF patients [47]. According
to these findings, RIF-associated miRNAs could be exploited as new candidates for
diagnosis and treatment of embryo implantation failures.
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Kang et al. assessed the role of miR-145 and its target IGFIR in early implanta-
tion. This was done by using Ishikawa endometrial cells in which miR-145 overex-
pression and IGF1R knockdown were achieved. The effects of altered miR-145 and/
or IGFIR were studied by following the attachment of mouse embryos or IGF-I
coated beads to endometrial cells. miR-145 overexpression or specific reduction of
IGF1R impaired attachment in both cases. According to this study, not only is miR-
145 a regulator of IGF1R expression but there seems to be evidence pointing
towards IGFIR playing a role in embryo implantation [47].

In another study Chu et al. showed that there is downregulation of the miR-181
family in mouse uterus on day 4 of pregnancy with levels of miR-181a and miR-
181b rising back to normal on day 6 and 7. Later mice were given repeated admin-
istrations of nanoparticles packed with either miR-181a or miR-181b mimics on
day 2 and 3 of pregnancy. When inspected on day 4 of pregnancy mouse uterus were
indeed enriched with miR-181a and miR-181b. In mice exposed to these miRNAs
the number of implanted embryos was significantly lower than the control mice
showing that miR-181a and miR-181b may inhibit embryo implantation [47].

It has been recognized that leukemia inhibitory factor (LIF) plays a crucial role
in embryo implantation. In mice LIF is known to be upregulated by different factors
some of which are known, while others remain obscure. Estrogen has been shown
to be one of the factors to upregulate LIF [51-53]. In LIF knockout mice, adminis-
tration of exogenous LIF on day 4 of pregnancy restored embryo implantation.
Chu et al. continued their study by generating miR-181a and miR-181b transgenic
mice which did indeed express high levels of miR-181a/b in uterus during pregnancy
compared to control mice [47]. These transgenic mice showed a decreased preg-
nancy rate and decreased litter size compared with control mice as well as lower LIF
expression in uteri on day 4 of pregnancy. To assess the connection between miR-
181a/b and LIF, the latter was administered to miR-181a/b transgenic mice on day
4 of pregnancy. LIF injection greatly improved implantation in theses mice imply-
ing that miR-181a/b inhibit embryo implantation through LIF.

Finally, it has been shown that expression of miR181 is controlled by the tran-
scriptional factor Emx2. It is known that Emx2 is downregulated by estrogen [54] and
it can be hypothesized that high levels of estrogen downregulating Emx2 mediate the
downregulation of miR-181 increasing levels of LIF to allow embryo implantation.

The Emx2-miR-181-LIF axis, depicted in Fig. 8.2, seems to play a major role in
this process. These discoveries leave room for future research towards finding more
pathways through which microRNA may influence embryo implantation.

miRNA Related Shared Pathways of Implantation and Cancer

The embryo implantation process is complex, requiring reciprocal interactions
between the developing blastocyst and the receptive uterus. This process involves a
host of endocrine, paracrine, autocrine, and juxtacrine modulators [48].
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Fig. 8.2 Shown is the Emx2-miR-181-LIF (leukemia inhibitory factor) axis. miR-145 and IGF1R
(insulin-like growth factor 1 receptor) give another example of miRNA playing an important role
in the implantation process

“Endometrial receptivity” refers to the ability of the uterus to accept and
accommodate a nascent embryo, resulting in a successful pregnancy. Reduced endo-
metrial receptivity in stimulated IVF cycles may result in low implantation rate.
Aggressive behaviors of trophoblast during embryo implantation resemble those of
malignant tumor cells. Shared miRNAs and target genes may thus be potentially
involved in endometrial receptivity and in various tumorigenesis models.

Cox-2 has a critical role in implantation [49] as well as in precancerous hyper-
plastic endometrium. Chakrabarty et al. have demonstrated that mmu-miR-101a
and mmu-miR-199a are expressed in the mouse uterus during implantation coinci-
dent with expression of cyclooxygenase-2 (cox-2). Cox-2 gene expression regula-
tion plays a role also in endometrial cancer pathogenesis. In a mouse model of
endometrial cancer, levels of two miRNAs, miR-199a and miR-101a, targeting
Cox-2 expression, were downregulated in uterine cancer [50]. Other studies have
shown that human endometrial cancer and endometria with hyperplasia express
elevated Cox-2 [51-53].

miR-199a plays a role in regulation of cell adhesion, migration, and invasion in
various tissues including endometrial stromal cells. These are key biological pro-
cesses in embryo implantation [54-57] and in cancer. A functional analysis
revealed that ectopic expression of miR-199a suppresses tumor angiogenesis in ovar-
ian cancer tissues, in vitro and in vivo, indicating an anti-angiogenic function [58]
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(see Chap. 8 of the volume “microRNA: Cancer” for a detailed discussion of
miRNA and ovarian cancer). Overexpression of miR-199a was shown to down-
regulate HIF-1a protein expression and VEGF mRNA levels, suggesting that miR-
199a suppresses tumor angiogenesis by decreasing the expression of HIF-1a and
VEGF [58].

mir-21 is also involved in regulation of implantation and cancer. Previous studies
have demonstrated a differential expression of miRNAs in different endometrial
locations. Eight miRNAs were found to be upregulated in implantation sites,
as compared to inter-implantation sites [59]. Among these, mir-21 was highly
expressed in the subluminal stromal cells at implantation sites on day 5 of preg-
nancy [59]. mir-21, however, has been found to be associated also with endometrio-
sis, leiomyoma and cervical and endometrial cancer [60, 61]. Recent studies
confirmed that miR-21 is overexpressed in endometrioid endometrial cancer (EEC)
tissues compared with their adjacent matched non-tumor endometrium [62, 63].
PTEN, a tumor suppressor gene, has been validated as a target gene of miR-21 in a
variety of malignancies [64, 65].

Overexpression of miR-21 modulated EEC cell proliferation through the
downregulation of phosphatase and tensin homolog deleted from chromosome-10
(PTEN) [62]. These correlations between altered miR-21 expression and malignancy-
related cellular processes, including proliferation, migration, and apoptosis, have
been well demonstrated [60, 66, 67]. Similarly, PTEN plays a role in embryo implan-
tation. Lagué et al. demonstrated novel roles of PTEN in the mammalian uterus and
its requirement for proper trophoblast invasion and decidual regression [68].

As previously mentioned, mir-451 and mir-424 are differentially expressed
under different hormonal stimulation [16]. Early and recent studies have shown that
mir-424 and mir-451 play a critical role in tumor genesis and progression [69, 70].
Another shared pathway of implantation and cancer, regulated by those miRNAs,
can be demonstrated by the function of two essential proteins in the pathogenesis
of implantation and cancer: Osteopontin and Vascular endothelial growth factor
(VEGF).

Sppl1 is the gene encoding for Osteopontin protein and the Ang gene encodes the
VEGF protein. Both of those genes are regulated by miR-451 and mir-424 [16].
Osteopontin is a glycoprotein that mediates cellular adhesion and migration during
embryo implantation and is regulated mainly by progesterone. Its maximal expres-
sion in endometrial epithelial cells has been observed during the window of implanta-
tion [71]. In tumorigenesis, Osteopontin signaling could result in the activation of
anti-apoptosis and pro-survival pathways. This is enabled via PI3-KAkt and NF-xB
signaling molecules, angiogenesis modulation via VEGF induction and extracellular
matrix (ECM) degradation via Matrix Metallo-Proteinases (MMPs) [72]. All of
which are fundamental pathways in embryo implantation. VEGF is a key regulator of
embryo implantation [73] and cancer [74]. Importantly, the Osteopontin protein was
shown to be expressed more predominantly and VEGF expression was less intense in
women with high versus normal serum progesterone group in stimulated cycles [16].

In a study mentioned earlier of miRNA expression analysis in IVF patients expe-
riencing recurrent implantation failure (RIF), mRNA levels of N-cadherin, H2AFX,
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netrin-4 and secreted frizzled-related protein-4, belonging to the cell adhesion
molecules, Wnt signaling and cell cycle pathways were lower in RIF-IVF patients
in correlation with the miRNA-predicted targets, including mir-145 and mir-23b
[47]. Several studies have validated the downregulation of miR-145 in ovarian
cancer [75-77].

In a recent study, Wu et al. found that overexpression of miR-145 led to a
reduction of cell growth and invasion abilities, and overexpression was also found
to induce cell apoptosis in ovarian cancer tissue [78]. This study suggests that miR-
145 modulates ovarian cancer growth and invasion by suppressing p70S6K1 and
MUCI genes, functioning as a tumor suppressor [78]. miR-23b was identified as a
potent modulator of cytoskeletal dynamics via co-repression of a set of cytoskeleton
specific genes, affecting motile and invasive properties necessary for breast cancer
cells to metastasize [79]. miR-23b represents a central effector of cytoskeletal
remodeling. It increases cell—cell interactions, modulates focal adhesion and reduces
cell motility and invasion by directly regulating several genes involved in these
processes [80].

Conclusion

Rising evidence implicate a vital role for miRNAs in various biological events
involving the endometrium. Here, we reviewed the role of miRNAs in the complex
process of decidualization. We further have demonstrated that the decidualization
process may have distinct biological pathways in natural and stimulated cycles,
mediated in part by miRNAs. These observations have instigated many researchers
to study the role of miRNAs in the still enigmatic RPL entity. Indeed, the findings
relating to miRNAs in this field are important and may lead to further understanding
of this biological phenomenon. Lastly, we have outlined common miRNAs relating
to embryo implantation and malignancies, implicating common pathways for these
biological events.

Indeed, the rapid progress in understanding the role of miRNAs in the endometrium
may open a window to deepening of our knowledge and for potential treatments in
fertility practice.
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Chapter 9
microRNA and NF-kappa B

Ye Yuan, Lingying Tong, and Shiyong Wu

Abstract Nuclear Factor kappa B (NF-kB) plays important roles in regulation of
countless cellular functions, including cell cycle and apoptosis. As a versatile tran-
scription factor, NF-xB is a target of a large amount of miRNAs. Abnormal NF-xB
activity is frequently associated with an abnormal level of miRNAs, which is found
to play critical roles in disease progression including cancer. While the expression
and activity of NF-kB can be directly or indirectly up-regulated or downregulated
by various miRNAs, NF-kB can also regulate the expression of many miRNAs.
Intriguingly, reciprocal regulation between miRNAs and NF-kB, which exists in the
form of positive and negative feedback loops, is often observed in various cancers.
In this chapter, the mechanisms and roles of miRNA-regulated NF-kB and NF-«xB-
regulated miRNAs in a variety of cancers will be discussed. The potential therapeutic
use of miRNAs that are up- and down-stream of NF-xB signaling pathways as
targets for cancer treatment will also be accessed.

Keywords NF-xB ¢ Cancer * Therapeutics ¢ Apoptosis * Cell cycle ¢ Carcinogens
* Angiogenesis

Introduction

NF-xB has been shown to be tightly related to cancer development and progression.
It is a transcription factor that regulates the expression of many genes involved in
developmental process, the immune system, and inflammatory response, as well as
cellular growth and apoptosis [1-4]. The NF-xB family is composed of five family
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members: p65 (RelA), RelB, c-Rel, NF-xB1 (p50 and its precursor p105), and
NF-kB2 (p52 and its precursor p100) [5]. The NF-kB activity is constitutively high
in many cancer cells [3, 6]. Under most circumstances, the increase of NF-«xB activ-
ity leads to the activation of antiapoptosis pathways, as well as an increase of cell
proliferation and cancer progression but not limited to invasion, metastasis, and
angiogenesis [7-9].

The role of miRNAs in cancers has also been intensively studied in recent years.
It has been shown that in many cancer cells the miRNA expression profile has been
changed compared to that of a normal cell. In the meanwhile, the deregulation of
miRNAs has also been proven to be related to cell apoptosis and proliferation [10].
Therefore, deregulation of miRNAs is potentially related to cancer development and
progression. In this chapter, we will discuss the interaction of NF-kB and miRNA in
various cancers, starting with the miRNA-regulated NF-xB activity, followed by
NF-kB-regulated miRNAs expression, as well as reciprocal regulation.

Positive Regulation of NF-kB by miRNAs

miRs-30e*, 124, 125a/b, 182, and 520h up-regulate NF-xB indirectly by suppress-
ing NF-xB inhibitors (Table 9.1). miR-30e* expression level is increased in
advanced glioma and also negatively correlates with favorable prognosis in patients
[11]. miR-30e* targets IkBa mRNA to enhance NF-kB activation and nuclear
translocation, which is essential for miR-30e*-induced invasiveness in a variety of
glioma cell lines. Given that a negative correlation between MMP-9 and IxkBa has
been identified, miR-30e* is suggested to promote cancer cell invasion via MMP-9
through NF-kB activation.

Of note, miR-30e, the sibling of miR-30e*, has no influence on NF-«B signaling
or invasive potential, though miR-30e could possibly cooperate with miR-30e* in
glioma carcinogenesis because both of them are induced by carcinogen hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX) [25, 26].

Table 9.1 Effect of miRNA on NF-xB

miRNA Effect Targets Cancer type Ref.
miR-30e* 1 IkBa Glioma [11]
miR-124 0 iASPP Colon [12]
miR-125a/b 1 TNFAIP3 Lymphoma [13]
miR-182 0 CYLD Glioma [14]
miR-520h ) PP2A/C Breast [15]
miR-31 | NIK Breast; leukemia [16, 17]
miR-146 l IRAK1, TRAF6 Breast; pancreatic; gastric [18-21]
miR-520b l HBXIP Breast [22]
miR-520c 1 RELA (p65) Breast [23]
miR-520e | NIK HCC [24]
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Interestingly, in a subset of glioma where miR-30e* expression level is low,
miR-182 becomes a candidate to activate NF-xB signaling. An upstream inhibitor
of NF-kB, CYLD (cylindromatosis) has been identified as a target of miR-182.
Functionally, this K63-specific deubiquitinase suppresses ubiquitination of TRAF2,
TRAF6, and NEMO, leading to a reduction in IKK activation [14, 27]. The effect of
miR-182 in promoting the tumor growth and angiogenesis is abrogated by blocking
IxBa, which indicates the essential role of miR-182-induced NF-kB signaling in
glioma progression.

miR-124 expression is reduced in colon cancer cells. Overexpression of miR-
124 in SW480 and HT29 cell lines decreases the cancer cell growth and colony
formation via targeting an inhibitor of apoptosis-stimulating protein of p53 (iASPP)
[12]. Reducing iASPP expression increases NF-kB (p65) expression indicating
miR-124 up-regulates p65 at least partially due to suppressed iASPP. Given that
1ASPP regulates multiple pathways and differential roles of NF-kB in regulation
of cell death, further study is still needed to understand the correlation between
miR-124 and NF-kB activities [28, 29].

miR-125a/b expression has positive correlation with NF-kxB and negative cor-
relation of A20 (also known as TNFAIP3) in diffuse large B-cell lymphoma
(DLBCL) biopsies [13]. High levels of miR-125a/b are involved in maintaining
NF-xB activation in DLBCL cells through targeting A20, which dismantles IKK
complex by interfering with the interaction between E3 ligases and E2 ubiquitin
conjugation [30].

Protein phosphatase 2A catalytic subunit (PP2A/C) is an NF-xB inhibitor due to
its role in suppressing phosphorylation of IkB [31]. miR-520h, unlike miR-520b/
c/e, has been shown to activate NF-xB by targeting 3' UTR of PP2A/C, leading to
up-regulation of Twist [15]. miR-520h-induced NF-xB activation is followed by
enhanced invasiveness of breast cancer cells. Adenovirus type 5 E1A (E1A) could
reduce invasiveness through inhibiting miR-520h and its downstream NF-kB sig-
naling. Anti-miR520h also diminishes metastatic potential of breast cancer cells.

Negative Regulation of NF-kB by miRNAs

miRs-31, 520b/c/e, and 146a/b downregulate NF-xB indirectly by suppressing
NF-«xB activators (Table 9.1). miR-31, which was drastically repressed in adult T
cell leukemia (ATL) and breast cancer cells, has been found to be an NF-kB inhibi-
tor [16, 17]. In ATL cells, by suppressing expression of NF-kB-inducing kinase
(NIK), overexpression of miR-31 reduces phosphorylation of both IKKa and
IxB. Inhibition of NF-xB is followed by corresponding growth inhibition and cell
apoptosis [17]. In addition to NIK, protein kinase C € (PKCe) is also a direct target
of miR-31 as reported in MDA-MB-231 breast cancer cells [16]. PKCe inhibitor
Go06976 has been shown to have antitumor activity through repressing NF-xB sig-
naling [32]. Similarly, overexpression of miR-31 downregulates PKCe protein but
not mRNA, which is accompanied by diminished NF-kB nuclear translocation and
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reduced p65 phosphorylation. The miR-31-reduced NF-xB activity is correlated
with increased cell apoptosis and sensitization of chemo- and radio-therapies.
However, overexpression of miR-31 also shows a cytotoxic effect on immortalized
normal breast MCF-10A cells. Thus, optimizing the dosage of miR-31 for therapeutic
purposes is still a potential challenge.

miR-146a/b inhibits NF-xB activity by downregulating IL-1 receptor-associated
kinase 1 (IRAKI1) and TNF receptor-associated factor 6 (TRAF6) during immune
response to endotoxin [33]. TRAF6 and IRAK1 activate NF-kB through recruiting
transforming growth factor p-activated kinase (TAK1), which phosphorylates IKK
complex [34]. Overexpression of miR-146a/b in MDA-MB-231 cells results in
downregulation of IRAK1 and TRAF6 as well as a decrease in NF-xB DNA binding
activity [18], with a corresponding inhibition of NF-kB downstream genes includ-
ing inflammatory cytokines (IL-8 and IL-6) and MMP-9. Reduced invasiveness
suggests therapeutic potential of miR-146 in breast cancer cells. Suppression of
NF-kB via miR-146-TRAF6 cascade has also been reported in NK/T cell lym-
phoma (NKTL). Besides miR-146a-induced inhibition of cancer cell proliferation
and improved sensitivity to chemotherapy, a positive correlation between expres-
sion of miR-146a and NKTL patients’ prognosis has been identified [35]. The role
of miR-146a in suppressing NF-kB has been further confirmed by experiments
in vivo. miR-146a knockout mice develop progressive myeloproliferation, which
shows higher NF-xB activity in their spleen and bone marrow. Myeloproliferation
is alleviated after deleting pS0 subunit of NF-kB, preventing the formation of
myeloid sarcoma [36]. Similarly, miR-146a is shown to target IRAK1 to inhibit
NF-kB activity in pancreatic cancer cells [21]. Moreover, treatment of
3,3’-diinodolylmethane (DIM) or isoflavone is found to induce expression of miR-
146a, which suppresses tumor cell metastatic potential through downregulating
NF-xB, metastasis-associated 1 family, member 2 (MTA-2) and epidermal growth
factor receptor (EGFR). Suppressed NF-kB by miR-146a is also associated with
downregulated EGFR. In addition to IRAK1 and TRAF6, miR-146a in gastric can-
cer has been shown to directly target caspase recruitment domain-containing pro-
tein 10 (CARD10) and COP9 constitutive photomorphogenic homolog subunit 8
(COPS8), which activates NF-kB through G protein-coupled receptor (GPCR)
pathways [20]. Although miR-146a is a potent NF-kB inhibitor and shows antitu-
mor effects in many cancer types, up-regulation of miR-146a has been observed in
both mouse models of gastric cancer and human gastric adenocarcinoma cells. In
addition, miR-146a expression might be positively controlled by NF-xB [33]. More
investigation is still needed for the underlying mechanism.

Several miR-520/373 family members have been shown to suppress cancers at
least partially by inhibition of NF-xB via different pathways. miR-520b has been
reported to negatively regulate NF-xB by repressing hepatitis B X-interacting pro-
tein (HBXIP) which is highly expressed in breast cancer cells as well as metastatic
lymph nodes [22]. HBXIP is shown to promote IkB phosphorylation to activate
NF-kB, and the resultant IL-8 secretion is believed to be an essential contributor to
cell migration. miR-520b reduces IL-8 levels not only by targeting HBXIP-mediated
NF-xB activation but also by targeting 3’ UTR of IL-8 directly, leading to a
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decreased migration. Mimics of miR-520c and miR-373-inhibited RELA (p65)
after TNFa stimulation, suppress IL-6/IL-8 expression and reduce invasiveness of
MDA-MB-231 cells [23]. Although the reduction of cancer invasiveness by the
mimics has been attributed to inhibition of transforming growth factor-f (TGFp),
the inhibition of RELA should also be examined considering the role of NF-xB-
mediated IL-6/IL-8 expression in promoting cancer metastasis. miR-520e is one of
the most downregulated miRNAs in hepatocellular carcinoma, where DNA meth-
ylation might play a role [24, 37]. NIK, an NF-kB activator, has been identified as
the direct target of miR-520e, suggesting that miR-520e inhibits NF-kB activity by
suppressing NIK [38]. Of interest, miR-520e-mediated NF-kB inhibition is observed
only in hepatocellular carcinoma cells but not in corresponding normal cells. In addi-
tion, miR-520e does not show cytotoxic effects on normal tissue while it inhibits
tumor growth in vivo [24]. This effect might be contributed by the low basal level of
miR-520e expression in hepatocellular carcinoma cells, suggesting its potential
advantage for therapeutics.

Positive and Negative Regulation of miRNA Expression
by NF-xB

Comparing the numbers of miRNAs that can regulate NF-kB activity, relatively
fewer numbers of miRNAs are regulated by NF-kB without a reciprocal regulation.
NF-«xB activation increases the expression of miRNAs-16 and 224 by direct pro-
moter binding and reduces the expression of miRNAs-199 and 214 (Table 9.2).
miR-16 and miR-21 play roles in nicotine-mediated tumor progression [39].
Nicotine treatment up-regulates both miR-16 and miR-21 expression in gastric ade-
nocarcinoma cells. Moreover, activation of NF-xB increases expression of both
the miRNAs through direct binding to their promoter regions. Of interest, NF-xB
inhibitor or NF-kB-targeting siRNA abolishes the nicotine-induced expression of
miR-16 and miR-21, suggesting NF-kB activation is involved in the process. Thus,
nicotine-induced cancer growth might be through prostaglandin E receptor-mediated
NF-«xB activation, and consequently increases expression of miR-16 and miR-21.
miR-224 is highly expressed in HCC cells and contributes to cell invasion and
migration [37, 41]. Three conservative NF-kB binding sites in the promoter region
of miR-224 have been identified. NF-xB activators such as TNFa induce miR-224

Table 9.2 Effect of NF-kB on miRNA

miRNA Effect Cancer type Ref.
miR-16 1 Gastric [39
miR-224 HCC [37

)
miR-199 1 HCC [40
miR-214 ! HCC [40
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expression while the IKK inhibitor BMS reduces miR-224 level, which confirms
that NF-xB up-regulates miR-224.

The expression of miR-199/214 in HCC is suppressed and suppression of miR-
199/miR-214 is alleviated when NF-kB is inhibited by pyrrolidine dithiocarbamate
(PDTC) indicating their expression is negatively regulated by NF-kB [40]. miR-199
and miR-214 have been shown to inhibit X-box binding protein 1 (XBP-1), which
activates unfolded protein response of the cell. Considering that UPR-induced
NF-xB also suppresses miR-199 and miR-214, reciprocal regulation between
NF-xB and miR-199 and miR-214 might exist but no direct evidence has been
shown.

Positive Regulation of NF-kB Activity with Positive Feedback
Loop for miRNA Expression

miRs-21, 155, 181b-1, 301a, and 1290 up-regulate NF-xB with a positive feedback
loop (Table 9.3). Besides contributing to cancer progression induced by nicotine as
described in detail in the Volume “microRNA: Cancer”, miR-21 has been reported to
work with miR-181b-1 as one part of a positive feedback loop that mediates transfor-
mation of immortalized normal mammary epithelial cells [42]. In ER-Src cell model,
tamoxifen treatment can activate Src, initiate transformation, and induce signal trans-
ducer and activator of transcription 3 (STAT3). STAT3 up-regulates both miR-21 and
miR-181b-1, which lead to NF-kB activation through different pathways.

miR-21 activates NF-kB through inhibiting phosphatase and tensin homolog
(PTEN) and then AKT; and miR-181b-1 activate NF-kB through suppressing cylin-
dromatosis (CYLD). Meanwhile, NF-xB can positively regulate IL-6 via Lin28B and
Let-7 [58], which is able to activate STAT3. In this regard, miR-21 and miR-181b-1
work in a loop to maintain NF-kB activation, linking inflammation to carcinogenesis.

Table 9.3 Reciprocal effects of miRNA and NF-kB

Effect of Effect of

miR on NF-xB on
miRNA NF-xB Targets miR Cancer type Ref.
miR-21 1 PTEN ) Gastric; breast; colon [39, 42, 43]
miR-155 1 PPP2CA T Leukemia; HCC; colon [43-46]
miR-181b-1 1 CYLD 1 Breast; colon [42]
miR-301a 1 Gax ) HCC; pancreatic [47-49]
miR-1290 1 KIF13B, 1 Colon [50]

NKRF

miR-200c l ZEBI1 | Breast [51]
miR-448 | SATB1 | Breast [52]
miR-9 | NF-xB1 T Ovarian; lung; gastric; [53-57]

(p105) melanoma; HCC
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Physiological effects of miR-21 and miR-181b-1 are not limited to mammary cells
because both miRNAs also enhance the clonogenic ability of different cancer cells
[42]. In breast cancer cells, the high expression level of miR-21 has been associated
with increased metastatic potential and poor prognosis [59, 60]. In addition to an
STAT3-dependent manner, further evidence has shown that DNA-damaging reagents
inducing NF-xB activation could up-regulate miR-21 by binding to its promoter
region directly [61]. Suppressed PTEN and PDCD4 by miR-21 contribute to meta-
static potential and resistance to apoptosis.

miR-155 is commonly overexpressed in lymphoma, where it is associated with
enhanced NF-kB activity [44, 62, 63]. Both miR-155 and the precursor of miR-155
(B-cell integration cluster or BIC) have been induced by infection of Epstein-Barr
virus (EBV) or overexpression of LMP1, the chief transforming protein originated
from the virus [64, 65]. The EBV-induced elevation of miR-155 is blunted by the
NF-xB inhibitor indicating the involvement of by NF-kB for this process [45].
Besides EBV, B-cell receptor also triggers miR-155 expression while nondegrad-
able IxB suppresses this induction, suggesting that NF-kB activation is involved
[66]. It is of note that transfection of precursor of miR-155 did not necessarily result
in higher levels of miR-155, which indicates that some other critical factors play a
role in regulating miR-155 processing. In addition to the association with cancer
formation, miR-155 also contributes to adrenaline-induced chemoresistance and
cell growth in HT29 cells [46]. NF-kB is activated by catecholamine, and then leads
to up-regulation of miR-155. Inhibition of miR-155 abolishes increased prolifera-
tion and resistance to cisplatin of the cells. Actually, downregulation of serine/
threonine-protein phosphatase 2A catalytic subunit alpha isoform (PPP2CA) is
observed after adrenaline treatment, suggesting that a possible positive feedback
also exists in response to catecholamine-mediated tumor progression.

Both miR-21 and miR-155 are also expressed in a higher level in colon cancer
specimens than normal tissues [43]. The expression of miR-21 and miR-155 can be
induced in non-transformed colonic epithelial cells by neurotensin (NT) treatment
[43], which promotes production of inflammatory cytokines and colon cancer cell
growth by binding neurotensin-1 receptor (NTR1) [67, 68]. Direct binding of NF-xB
on promoters of miR-21 and miR-155 is necessary for their up-regulation after NT
treatment. miR-21 inhibits PTEN while miR-155 suppresses PPP2CA to activate Akt,
which in turn enhances NF-kB activity. Targeting this loop by knockdown of miR-155
and miR-21 significantly inhibits NT-induced cancer invasiveness and progression.

miR-301a is up-regulated in hepatoma and pancreatic adenocarcinoma cells
[47—49]. miRNA-301a induces the expression of NF-kB by indirectly targeting
upstream NF-xB suppressor’s homeobox gene Gax [47] or NF-kB-repressing factor
(NKRF) [49]. The expressions of NF-xB are inhibited in cells overexpressing Gax,
which agrees with a previous report indicating that Gax targets NF-xB in endothe-
lial cells [69]. While miR-301a induces NF-kB expression, activated NF-xB can
transcriptionally activate miR-301a expression. The function of miRNA-301a as
an NF-xB activator partially explains its role in promoting cancer growth and
metastases. Targeting miR-301a expression in PANC-1 cells inhibits tumor growth
in a mouse xenografts model [49].
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miR-1290 has been shown to be elevated in 19 out of 25 colon cancer specimens
and plays a role in suppressing cytokinesis by targeting kinesin family member 13B
(KIF13B) at the last stage in cell division, leading to a nuclear fusion in cancer cells
[50]. miR-1290 also activates Akt and NF-kB by targeting NF-«B repressing factor
(NKRF). The miR-1290 stimulated NF-xB activation leads to the induction of a
series of genes including Wnt, c-Myc, and cyclin D1. Meanwhile, activated Wnt
and NF-xB also facilitates transcription of miR-1290. The regulation of cytokinesis
and Wnt signaling by miR-1290 shows its potential role in cancer cell reprogram-
ming and development of cell stemness [70-72].

Negative Regulation of NF-kB Activity with Positive
and Negative Feedback Loops for miRNA Expression

miRs-9 and 143 downregulate NF-kB with a positive feedback loop (Table 9.3).
miR-9 has been shown to be involved in regulating cell proliferation and progres-
sion of gastric, ovarian, cervical, and skin cancers [55, 73-75]. miR-9 has been
found to target 3" UTR of NF-kB1 (p105) directly to inhibit ovarian cancer cell
proliferation and colony formation [55]. Similar cancer growth inhibition is also
seen in gastric adenocarcinoma which expresses low level of miR-9 [54]. Both cell
proliferation in vitro and xenograft tumor growth in vivo decrease after overex-
pression of miR-9. Besides decreased mRNA level of NF-xB1, expression of p105
and p50 protein is reduced as well. Overexpression of NF-kB1 with miR-9 together
restores cancer cell growth, indicating the therapeutic effect is due to NF-xB1 inhi-
bition by miR-9. miR-9-inhibited NF-xB1 also plays a role in regulation of mela-
noma metastasis. Overexpression of miR-9 suppresses cytoskeleton proteins as
well as matrix metallopeptidases (MMP)-2/9 via inhibiting NF-kB1-Snail 1 signal-
ing pathway, leading to a decrease in motility and growth of melanoma cells [75,
76]. In view of important roles of NF-kB1 in DNA damage repair, the effect of
miRNAs-induced NF-kB1 suppression on sensitivity in response to ionizing radia-
tion (IR) also drew researchers’ attention [56]. A time-dependent decrease of miR-9
expression is observed after IR while overexpression of miR-9 increases sensitiv-
ity of cancer cells to radiation. miR-9 does not only possess the ability to directly
target 3" UTR of NF-xB1, but also serves as a downstream gene of NF-«xB. It has
been shown that NF-kB could activate pri-miR-9-1 gene to up-regulate miR-9,
which suppresses CD166 [57], a key regulator of cancer cell migration and growth
[77]. In hepatocellular carcinoma cells, serum depletion up-regulates both mRNA
and protein level of CD166 within 24 h, though its protein level drops after 48 h.
Meanwhile, serum depletion also promotes p50/p65 translocation. Given that
NF-xB activates miR-9 through pri-miR-9-1 in a delayed manner, decrease of
CD166 after 48 h could be partially due to miR-9 activation. In addition, suppres-
sion of CD166 is believed to be the major cause of miR-9-promoted cell migration
during serum depletion.
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miR-143 suppresses NF-kB expression and increases the sensitivity of colon
cancer cells to 5-fluorouracil [78]. The direct association between NF-xB inhibition
and miR-143 in regulation of apoptosis is not clear because miR-143 also inhibits
the expression of ERKS and Bcl-2. In addition, the miR-143 level increases sharply
in the HBV-HCC-bearing mice and HBV-coated HBV X protein (HBx) transiently
transfected HCC cells. The expression of miR-143, both in vitro and in vivo, can be
induced by HBx via activation of NF-kB pathway [79—-82]. Through suppressing
fibronectin protein FNDC3B, miR-143 promotes metastasis of HCC cells while
leaving cell viability intact, which suggests the involvement of HBV/NF-xB/miR-
143 signaling cascade in regulation of cancer metastasis. Although the underlying
mechanism for regulation of NF-kB by miR-143 is still unknown, it appears that
miR-143 could be either an upstream or downstream gene of NF-xB.

miR-200c and miR-448 downregulate NF-kB with a negative feedback loop.
miR-200c negatively regulates NF-kB (p65) activation by activating protein tyro-
sine phosphatase Z1 (PTPRZ1) to dephosphorylate IxkBa [51]. Both NF-xB and
MEK/ERK are involved in the early stage of inflammatory signaling after stimula-
tion with monocyte chemotactic protein-1 (MCP-1). The resultant increase of IL-6
further inhibits miR-200c to activate p65 as well as JNK2, which then in turn up-
regulates IL-6 through inducing heat shock factor protein 1 (HSF1). The mainte-
nance of this IL-6-mediated inflammatory signaling loop drives transformation of
breast epithelial cells [51].

A negative feedback loop of miR-448 and NF-xB plays a critical role in
chemotherapy-induced epithelial-mesenchymal transition (EMT) [52]. Special
AT-rich sequence-binding protein-1 (SATB1), which activates NF-xB through an AR/
EGFR/PI3K pathway, is a target of miR-448. Moreover, suppressing miR-448 could
reinstate NF-kB activity, suggesting that miR-448 is an NF-kB inhibitor. Nevertheless,
NF-kB has also been shown to negatively regulate miR-448 through binding the pro-
moter region of HRT2C which hosts miR-448. Adriamycin-induced mesenchymal
phenotype in breast cancer cells is mediated by miR-448 inhibition because anti-
miR-448 can promote EMT. Since Twist-1, one of the key regulators of EMT [83], is
controlled by EGFR signaling, miR-448-reduced chemotherapy-induced EMT of
breast cancer could be partially contributed by suppressing Twist-1.

Conclusion

NF-kB-targeting miRNAs, which either activate or inhibit NF-xB activity, play a
pivotal role in regulation of cancer progression and resistance to treatment. Instead of
targeting NF-xB, miRNAs frequently influence NF-kB through suppressing NF-xB
inhibitors or activators, which extend the signaling network. NF-kB also incorpo-
rates some miRNAs into its downstream signaling by showing the competency of
up-regulating or downregulating miRNAs. Moreover, reciprocal regulation between
miRNAs and NF-kB has been associated with not only tumor progression but also
aberrant inflammatory status, which contributes to early stage of carcinogenesis.
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Given that miRNA deregulation correlates closely with aberrant NF-xB activation,
targeting miRNAs may be a promising strategy to interfere with pathological consti-
tutive NF-kB activation. Although many obstacles still have to be overcome, with the
development of drug delivery technologies and deepened knowledge of sophisticated
regulation between NF-kB and miRNAs, therapeutic potential of NF-kB-targeting
miRNAs could be realized to treat diseases like cancers.
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Introduction

microRNAs (miRNAs) are one of the most studied noncoding RNA molecules
found in animals, plants, and DNA viruses. They regulate gene expression at post-
transcriptional level by RNA silencing or destabilizing target transcripts. Mature
miRNAs are small, about 20-25 nucleotides in length, generated from pre-miRNA
that underwent the slicing mechanism by Dicer [1]. These pre-miRNAs are in turn
generated from the pri-miRNAs that undergo splicing mechanism by Drosha in
nucleolus [2, 3], which then transported to the cytoplasm with the help of Ran-GTP
and karyopherin exportin complexes [4—6]. Mature miRNA in the presence of
Argonaute family proteins binds to the target mRNA in the RNA-induced silencing
complex (RISC) [7]. This leads to gene silencing either by the degradation of the
mRNA or translation repression (Fig. 10.1).

Recent studies have evidenced an increased role of miRNA in the regulation of
normal hematopoiesis, the formation of blood components from hematopoietic
stem cells (HSC). The differentiation of HSC into different lineages involves com-
plex network of transcription factors, growth factors, and cytokines, signaling path-
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Fig. 10.1 Biogenesis pathway of miRNA, RISC, and silencing mechanism
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ways, and interconnected molecular networks that requires proper regulation. Even
though several transcription factors have been found to be regulating the process of
hematopoiesis, evidence to establish the role of miRNAs in hematopoiesis has been
improved significantly in recent years (Table 10.1). Here, we focus on the role of
miRNA in hematopoiesis and hematological disorders.

Hematopoiesis

Hematopoiesis is the formation of blood cells from HSC. Hematopoiesis is highly
regulated and operates throughout the life of an organism. During embryonic devel-
opment, the first wave of blood cell production (termed “primitive hematopoiesis™)
comes from yolk sac. The primitive wave of hematopoiesis is transient and rapidly
replaced by the adult type hematopoiesis (termed ‘“definitive hematopoiesis”) in
fetal liver, which finally form niche in bone marrow [8, 9]. The hematopoietic stem
and progenitor cells (HSPC) reside primarily in the bone marrow during adult life,
though several studies have shown their presence in the blood and lymph during
homeostasis and stress [10-13].

During hematopoiesis, HSC responds to several extracellular signals and differ-
entiate into different cells of the myeloid and lymphoid lineages (Fig. 10.2). Overall,
the entire hematopoietic system is organized as a tree where the developmental
potential is restricted in each branch point: each step is tightly regulated by signals
from microenvironmental and macroenvironment, specific transcription factors,
signaling molecules, as well as miRNAs [14].

Hematopoietic Differentiation

Several reports have shown the key roles of miRNAs in normal hematopoiesis
[15, 17]. After the first groundbreaking discovery of miRNA Lin 4 which down-
regulates Lin14 transcript, several studies have shown significant role of miRNA in
hematopoietic system markedly increased to more than 500 as listed in miRBase
(www.mirbase.org) [18]. The role of miR-125a is known when deletion studies of
Dicer in HSCs led to enhanced apoptosis and reduction in hematopoietic ability
[19]. Studies have shown that several miRNAs which are expressed at early pro-
genitor stage of CD34+ HSCs of bone marrow or peripheral blood compartments
are similar. Functional validation studies have shown that miR-17, miR-24, miR-
146, miR-155, miR-128, and miR-181 prevent the differentiation of early stage pro-
genitor cells. And few miRNAs such as miR-16, miR-103, and miR-107 act later
on, and miR-221, miR-222, and miR-223 regulate the terminal stages of hematopoi-
etic development [20].



174

Table 10.1 miRNAs role in hematopoiesis

miRNA | Expression | Targets

Granulopoiesis and Monopoiesis

miR- Up G NFI-A/E2F1
223 MEF2C
miR-21 | Down Unknown
miR- GMP

196a

miR- Up Mo NFI-A

424

miR- Down Mo |AMLI
17-92

Megakaryopoiesis

miR- Down MAFB

130a

miR- Down HOXA1

10a

miR- Up c-Myb

150

miR- Down Ets-1/Meisl
155

miR- Down CXCR4
146a

miR- Down DICER1/St18
125b-2

Erythropoiesis

miR- Down c-KIT

221

miR-

222

Function

Inhibits
granulocytic
proliferation and
activity

Regulation
between
CMP-GMP
transition
Induces Mo
differentiation
and proliferation
Inhibits
Monopoiesis
in vitro but no
effects in vivo

Unknown
Unknown

Drives MK
differentiation
Inhibits MK
differentiation
and proliferation

Inhibits MK
differentiation
and proliferation
Increase MK
proliferation

Inhibits erythroid
proliferation and
perinatal Hb
switching

Regulated
by

CEBPa,
NFI-A,
E2F1

GFI-1

PU.1

AMLI1

Unknown
Unknown
Unknown

AP-1,
JNK

PLZF

Unknown

Unknown
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Table 10.1 (continued)

miRNA | Expression

miR- Up

451

miR-

144

miR-24 | Bi-phasic

miR- Down

155

miR- Down

223

Lymphopoiesis

miR- Down

150 prog.
Up mature
B/T cells

miR- Up prog.

181a and in DP
T cells
Down in
mature B/T
cells

miR- Up in B/T

17-92 precursors
Down in
mature B/T
cells

Targets

RAB14,
14-3-3Zeta

hALK4

PU-1/ETS-1
CEBPb/SHIP1

LMO2

c-Myb

BCL2/CD69
TCR/DUSP5
DUSP6/SHP2
PTPN22

Bim PTEN

Regulated
Function by

Regulates GATA-1
oxidative stress,
positive
regulation of
terminal
erythroid
differentiation
and in zebrafish
hemoglobin
synthesis
(miR-144)
Modulates
negatively
erythropoiesis
Inhibits
erythropoiesis

Unknown

AP-1,
INK

Inhibits
erythropoiesis

CEBPa,
NFIA,
E2F1

Inhibits the
transition from
pro-B to pre-B
cells

Block DN3 to
DN4 T-cell
transition
Increases CD19+
cells/Modulate
late thymic T-cell
development,
TCR sensitivities
and strength
Modulates
positively the
transition from
pro-B to pre-B
cells

Unknown

Unknown

c-Myc,
E2F1
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Table 10.1 (continued)

H.K. Karnati et al.

Regulated
miRNA | Expression | Targets Function by References
miR- Upin SOCS1 SHIP-1 | Enhanced Tregs Foxp3 Rodriguez et al.
155 Tregs and | CEBPb AID proliferation [183], Thai et al.
in activated Maintain [192], Vigorito
T/B cells competitive Treg et al. [193], Stahl

fitness Regulates
GC-B cells
responses, innate
immunity, T-cell
dependent
antibody
responses,
negative regulator
of somatic
hypermutation

et al. [194], Zheng
et al. [195], Teng
et al. [196],
Dorsett et al. [197]

MK megakaryopoiesis, Mo monopoiesis, GC germinal center, DN3 double negative stage 3, DN4
double negative stage 4 Prog progenitors
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Fig. 10.2 A schematic representation of hematopoietic development depicting the specific points
in differentiation
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Lymphopoiesis

Lymphopoiesis refers to a developmental process involving distinct stages of com-
mitment and differentiation, finally resulting in the generation of immune cells that
mediate adaptive immunity, namely—T cells, B cells, and NK cells. These cells
develop from a common lymphoid progenitor which is developed from the pluripo-
tent HSC. The process ends up in the generation of a vast and highly diverse reper-
toire of T, B, and NK cell which efficiently fights against pathogenic organisms.
Evidences suggest that these short noncoding RNA extends their influence in almost
every aspect of lymphocyte development.

Expression pattern of miRNA in HSCs have been studied extensively. miR-125b
is a highly expressed class of miRNA in HSCs and its expression decreases in com-
mitted progenitors. Mature peripheral blood cells derived from the miR-125b-
overexpressing HSC increase early B-progenitor cells in the spleen and induce the
expansion and enrichment of the lymphoid-balanced and lymphoid-biased HSC
subset through an antiapoptotic mechanism, reducing the mRNA expression levels
of two proapoptotic targets, Bmf and KLF13, which can have drastic effect on the
phenotype of an organism [21]. miR-155-deficient CD4+ T cells in vitro and in vivo
have shown defective Th17 cell cytokine and Jarid2 is found to be more expressed
which is required to recruit Polycomb Repressive Complex 2 to chromatin in Th 17
and T regulatory (Treg) cells [22].

T Cell Development and Differentiation

T cells are immune cells that are the critical controllers of adaptive immune response
in organisms. T cells develop from the common lymphoid progenitor cells through
several critically regulated developmental and differentiation steps.

T lymphocyte has several subtypes that are classified on the basis of certain sur-
face marker expression, type of cytokines they release, and maturation status. Cell
surface markers such as CD4, CDS, and CD3 define the developmental stages of a
particular T lymphocyte in the thymus. On the basis of expression of these markers
T cells are grouped as double negative (DN), double positive (DP), and single posi-
tive (SP) CD4+ or CD8+ cells. Mature T cells that get released from the thymus
forms another class of T cells—naive T cells, effector T cells, and memory cells T
cells each with corresponding cell surface components.

The miRNA miR-155 can be induced by signals that activate T cells, B cells, and
antigen-presenting cells, and regulate immune response of these cells such as the
differentiation of T regulatory (Treg) cells and CD4+ T helper (Th) cells. They are
extensively studied class of miRNA as it influences several immune cells. miR-181
family member, miR-181a, has a profound role in T cell biology as it is evident from
distinct studies carried out by several independent research groups.
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miRNA profiling study of three different maturation stages of T lymphocytes,
DP (CD4+ CD8+), SP CD4 (CD4+ CD8-), and SP CD8 (CD4— CD8+), has identi-
fied the role of miRNAs in regulation of T cell maturation. miR-150 was highly
expressed in this population of cells during maturation and that its target was identi-
fied to be NOTCH3, a key player in T cell development. The studies have identified
an indirect relation between miR-150 and NOTCH-3p by upregulation of miRNA
150 during T cell maturation [23]. They are highly expressed in double negative
(DN) and double positive (DP) population and downregulated to undetectable levels
in mature T lymphocytes [24].

CD4 and CD8 T Cell Biology

CDA4 T cells are lymphoid derived immune cells which plays a central role in adap-
tive immunity against )pathogens. These cells not )only help B cells to make antigen
specific antibodies but also involved in recruitment of neutrophils, eosinophils, and
basophils to the site of activation, enhancing microbicidal activity of macrophages
and synthesis of their own cytokines and chemokines.

Majority of the studies conducted to identify the expression pattern of miRNAs
reported that their expression is higher in the primitive forms when compared to the
differentiated form. This can be mainly attributed to the genetic switch from ideal-
ness of a progenitor cell or the hematopoietic stem cell itself to a more metaboli-
cally active developed cell. The number of miRNAs involved in different stages of
T cell development has been listed in Table 10.2. For instance, miR-125b belonging
to miR-125 family was reported to be highly expressed in HSCs but as it progresses
into a more differentiated progenitors, the expression level gradually decreased
[21]. AHR or aryl hydrocarbon receptor is often involved in the differentiation pro-
cess of TH 17 cells. Study has shown TH17 activated AHR upregulates miR-
132/212 clusters but not Treg cells and has also shown AHR activated TH17
differentiation was not happened in miR-132/212 cluster deficient cells. Mice defi-
cient in the miR-132/212 cluster have shown more resistance to the development of
experimental autoimmune encephalomyelitis [25].

T cells express mir-21 expression and activated «®CD3/CD28 upregulates mir-21
expression. Inhibition studies of mir-21 functions in activated naive and memory
T-cells have shown the regulatory role of this miRNA in different aspects of T-cell
biology. Inhibition of miR-21 function in activated memory T-cells led to apoptosis,
whereas in activated naive T-cells led to induction of CCR7 protein expression,
hence proving multiple roles for single miRNA in two subsets of CD4+ T cells [26].
As a result of T cell specific Dicer ablation resulted in increased level of effector
CD4 T cells committing to Th1 (T-helper 1) responses [27] with reduction in the
development to T regulatory cells [28]. miRNA also plays a regulatory role in main-
taining T cell numbers. This was reported in a study conducted by Boldin et al. The
study reported miR-146a as a negative regulator of inflammation. Mice lacking
miR-146 were found to be more responsive to bacterial challenges and produced
more pro-inflammatory cytokines [29].
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Table 10.2

miRNAs
miR-146

miR-
17-92

miR-150

miR-155

miR-
181a

miRNAs in the different stages of T cell development

Target
STATI

CREBI
PTEN
Bim
NOTCH3

SOCS1

CD69

BCL2

TCR-a
(DUSPs,
DSP6, SHP2,
PTPN22)

Function

Regulation of the Treg suppressor
function through the targeting of STAT!
promotion of differentiation into Th1
cells rather than Th2 cells

Regulation of effector and memory
CD8+ T-cell differentiation

Controls of T-cell differentiation
Regulation of differentiation into the
memory or effector phenotypes of T
cells

Helps in differentiation from DP into
CD4+ and CD8+ T-cells

Regulation of the intrathymic pre-T-cell
receptor selection of T-cells

Regulation of differentiation into the
memory or effector phenotypes of T
cells

Controls of T-cell differentiation: to
favor Th1 responses partially by
modulating cytokine production

Control of proliferation and
homeostasis of Treg cells by stabilizing
the signal of FOXP3 through the
targeting of SOCS!

Regulation of positive selection by
governing the homeostasis of CD4/
CDS8 lymphocytes and modulation of
T-cell sensitivity by increasing TCR
signaling to peptide antigens through
the downregulation of multiple
phosphatases

Regulation of iNKT cell development
through the modulation of TCR
signaling threshold resulting the
increase responsiveness of DP
thymocytes to TCR signals
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CD8 T cells are critical mediators of adaptive immune response in an organism
against several pathogens. Microbe entry enables these cells to undergo clonal
expansion, resulting in production of numerous clones of antigen specific CD8 T
cells. Wu et al. made a comparative study of miRNA expression profiles of naive,
effectors, and memory CD8+ T cells and showed that only few miRNAs are domi-
nantly expressed in CD8+ T cells and these miRNAs expression is dynamically
regulated during differentiation process. Interestingly, a significant decrease in
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miRNA expression level is seen in effector T cells, as antigen stimulation of naive
T cells results in upregulation of several genes [30].

T Regulatory Cell Biology

T regulatory cells are essential components of the adaptive immune response as they
are responsible for the )maintenance of immune self-tolerance. )These CD24+
CD4+ cells are characterized with expression of a transcription factor Foxp3. Most
of the Foxp3 T regulatory cells are produced as a functionally mature T cell which
can effectively bring about immune suppression. Like in all T cell subsets, miRNA
has a regulatory role in development of these regulatory T cells also. miRNA dele-
tion can result in certain deleterious effect; one such effect is caused when miR-
146a Knockout Tregs are generated.

Foxp3 is the most crucial factor reported in the establishment of regulatory T cell
lineage. miR-155 is an extensively studied microRNA in hematopoiesis, mainly in
lymphopoiesis. miR-155 regulates SOCS1 (suppressor of cytokine signaling 1), a
molecule which is essential for the immune suppressive function regulatory T cells.
T reg cells lacking miR-155 exhibited poor expansion in response to IL2. This is
due to inhibition in IL-2 signaling by SOCS-1 [31]. These cells are characterized by
poorly functional Foxp3+ Tregs in large numbers in the periphery. miR-17-92 clus-
ter is another miRNA class studied to have an impact on T regulatory cell develop-
ment. It was found that miR-17-92 was required for the accumulation of antigen
specific T reg after activation and also for differentiation into effector T cells [32].
These miRNAs also promote T cell survival and Th1 responses, regulate CD8 effec-
tors vs. memory differentiation, and inhibit TGF-f-induced in vitro differentiation
into induced Tregs [33]. miR-31 and miR-21 were also addressed to regulate Foxp3
expression in T reg cells, former one inducing a negative effect as it directly binds
to the 3" UTR of Foxp3 mRNA whilst the latter being a positive regulator [34]. miR-
155, a multifunctional miRNA, is found to have its profound influence on hemato-
poiesis, inflammation, and immunity [35]. The role of miR-155 is well studied in
immune modulation and in the developmental process of T and B cells.

B Cell Development

The pluripotent hematopoietic progenitor) cell differentiates to form common lym-
phoid progenitors, which in turn give rise to the B-cell lineage. The stages of B-cell
development are early pro-B cell, late pro-B cell, large pre-B cell, small pre-B cell,
and mature B cell.

Expression profiling of miRNA in B cell subsets in human and mouse have iden-
tified distinct miRNAs and the results has great clinical significance which enabled
for an in-depth study in exploring the world of miRNA in B lymphopoiesis and
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lymphomagenesis. The studies also indicated that miR-155 has distinct expression
profiles and plays a key role in hematopoietic lineage differentiation, inflammation,
immunity, cardiovascular diseases, and cancer [36]. Another study has shown that
the role of miR-181 expression in lineage negative hematopoietic progenitor cells in
mouse doubled the cells belonging to B lymphoid lineage without any significant
effect on T lymphoid lineage [37], suggesting it to be a positive regulator of B lym-
phopoiesis. The same study reported miRNA to be upregulated in B lymphoid and
myeloid lineages miR-142 [18].

Dicer ablation conducted by Koralov et al. resulted in inhibition of transition of
B cell lineage committed cells from pro-B cell state to pre-B cell state. It was found
that miRs related to miR-17-92 cluster were detected in pro-B cells. Bim being the
target gene, it is concluded that miR-17-92 cluster is involved in B cell progenitor
survival [38]. Overexpression of miR-34a led to prevention of B cell development
at the pro-B-cell-to-pre-B-cell transition, leading to a reduction in number of mature
B cells. Co-transduction of Foxpl lacking its 3" UTR with miR-34a rescued B cell
maturation whereas inhibition of Foxpl causes B cell developmental phenotype
through miR-34a activation [39].

Natural Killer Cells

Natural Killer (NK) cells are )large granular lymphocytes which could produce
inflammatory cytokines. Bezman et al. have shown the effect of deletion of Dicer
and Dgcr8 which resulted in defective NK cell differentiation and functioning sug-
gest that Dicer and a double-stranded RNA binding protein Dgcr8 have a key role in
NK cell activation, survival, and function during infection in mouse mounted by
cytomegalovirus. The study also reported that an increase in the mRNA level of Bcl-
2, an anti-apoptotic factor, was found to be downregulated in cell deficient in Dicer
and Dgcr8 and also exhibited an increased rate of apoptosis in peripheral NK cells
thereby proving a role for these enzymes in cell survival [40]. Some of the miRNAs
studied so far to influence NK cell development include miR-150, miR-583, miR-
223, miR-155, miR-181, and miR-15/16.

Lack of miR-150 inhibits the terminal maturation of cells and also decreases the
number of total peripheral NK cells. As mentioned above, expression level of this
miRNA is low when compared to the differentiated cells and hence suggesting them
to have less chance of miR-150 mediated regulation of its development. An ectopic
expression of miR-150 showed increase in number of hyperfunctional natural killer
cells in miR-150 transgenic mice with no difference in the rate of apoptosis between
normal and miR-150 transgenic NK cells [41]. miR-223 is also known to be involved
in the developmental regulation of NK cells through granzyme B, a direct activator
of proapoptotic molecule Bid thereby initiating caspase activation [42]. Recently,
Yun et al. showed that miR-583 had an inhibitory effect on NK cell differentiation
[43]. miR-181 mediates NK cell development to a minor extent by regulating NLK
(nemo-like kinase), an inhibitor of Notch signaling. Notch signaling is involved in
NK cells during the early stages of development [44].
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miRNA in Myelopoiesis

Myelopoiesis is a complex process of hematopoietic CMP development that gives
rise to all myeloid lineages; these committed cells further differentiate to give rise
to erythrocytes, megakaryocytes, and granulocytes as well as macrophages [45].
Till the past decade, the integrated effects of cytokines regulated signaling pathways
and intrinsic TFs were known to control myelopoiesis [46, 47]. However, a number
of recent investigations have also evaluated the role of miRNAs in myeloid develop-
ment and function. Hox9A, a transcription factor, was reported to have a role in
normal myeloid differentiation [48] and lymphoid lineage commitment from MPP
[49] Loss of function of Hox9A results in contractions in myeloid and lymphoid
progenitors and loss of peripheral leukocytes [48], whereas overexpression in mouse
bone marrow cells results in AML [214]. miR-126 regulates the expression of
Hox9A by binding to the homeobox; miR-126 and hox9A are parallely downregu-
lated during progenitor cell differentiation [50]. Hence, miR-126 appears to control
HSCs differentiation and lineage commitment process by regulating Hox9A expres-
sion. miR-9 was reported as a critical regulator in cell fate decision in hematopoietic
development, its ectopic expression in BM cultures accelerates terminal myelopoi-
esis, and its inhibition with a miRNA sponge blocks myelopoiesis; miR-9 was also
found to enhance myelopoiesis but inhibits lymphopoiesis in mice model [51].
miR-9 inhibits expression of FoxO1 and FoxO3 by targeting 3" UTR region of the
murine FoxOl and FoxO3 genes and FoxO3 inhibits myeloid differentiation
induced by miR-9 [51]. miR29a, an important miRNA in hematopoietic develop-
ment, is highly expressed in HSCs and LSCs and downregulated in more committed
progenitor cells; ectopic expression of miR-29a induces CMP and GMP self-
renewal, biased myeloid differentiation, and also induces the development of
myeloproliferative disorder [52] (Fig. 10.3).

miRNAs in Megakaryocytopoiesis

Traditionally, the mechanistic studies on megakaryocytopoiesis have focused pri-
marily on different cytokines [53] and transcription factors [54, 55]. Over the past
many years, numerous laboratories have established the essential role of miRNAs in
megakaryocytopoiesis [56—58]. Garzon et al. [58] suggest a regulatory role of miR-
NAs in megakaryocytopoiesis by targeting different megakaryocytic transcription
factors. One study reports the expression profile of 435 miRNAs; among them 13
miRNAs were upregulated and 81 were downregulated during murine MKs differ-
entiation [57]. miR-150 is an important miRNA which plays a role in megakaryocyte-
erythrocyte-progenitors (MEPs) fate decision; it favors the commitment of MEP
into MKs lineage rather than erythroid lineage [56]. miR-150 is moderately
expressed in MEP, and exhibits increased expression in cells undergoing mega-
karyocytopoiesis whereas progressively downregulated during the erythropoiesis
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Fig. 10.3 Schematic representation of the role of miRNAs in CMP differentiation

[56]. Thrombopoietin (TPO) increases the expression of miR-150, which in turn
knocked down the expression of c-Myb via its 3'-UTR [59], previous data show that
the low levels of c-Myb favors megakaryocytopoiesis [60]. miR-28 is a TPO recep-
tor (MPL) targeting miRNA detected in platelet fraction isolated from myeloprolif-
erative neoplasm patient, the overexpansion of miR-28 downregulates differentiation
of CD34+ cells into Mks by targeting TPO signaling [61]. miR-155 is highly
expressed in CD34+ cells but the expression is dramatically reduced during the
CD34+ cells differentiation into Mks, the decline expression of miR-155 is required
for proliferation and differentiation of Mks at progenitor and precursor level, the
sustained expression of miR-155 inhibits the Mks differentiation by regulating the
targets Meis-1 and Ets-1 [62]. miR-146a was reported as a modulator of mega-
karyocytopoiesis, the expression of miR-146a dramatically changes when HSCs
differentiate into MKs [57, 63, 64]. Opalinska et al. [57] reported that the miR-146a
expression level increases when the murine and human derived HSCs induced to
differentiate into MKs, but the forced expression of miR-146a had no effects on
megakaryocytopoiesis and platelet activation. Labbaye et al. [63] found decreased
levels of miR-146 when the human cord stem cells were induced to differentiate
into MKs, and decrease in cell ploidy was detected due to forced expression of miR-
146a. During megakaryocytopoiesis the level of miR-146a is reduced by PLZF tran-
scription factor; the PLZF binds the promoter region of miR-146a and inhibits its
expression, whereas miR 146a targets the CXCR4 mRNA and inhibits its translation
[63]. Starczynowski et al. [64] found the results of miR-146a expression was similar
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to Labbaye et al. [63], but the effect of forced expression on megakaryocytopoiesis
was not observed, similar to Opalinska et al. [57]. miR-146a negatively regulates
megakaryocytopoiesis by targeting TRAF6, the downregulation of miR-146a
increases the activity of TRAF6 which in turn increases the IL-6 level [64]. miR-
146b, a member of miR-146 family, is upregulated in progenitor cells undergoing
erythroid or megakaryocytic differentiation, and PDGFRA, a negative regulator of
erythroid and megakaryocytic differentiation, is a direct target of miR-146b; miR-
146b could affect the expression of GATA-1 via downregulating PDGFRA/JNK/
JUN/HEY 1 pathway, whereas the transcription of miR-146b is positively regulated
by GATA-1 [65]. miR-34a was found to be upregulated during megakaryocytic dif-
ferentiation of K562 cells, but not during erythrocyte differentiation [66] and miR-
34a promotes differentiation of bi-potent K562 cells into MKs by targeting c-Myb,
CDK4, CDK6 [66], and MEK1 [67]. miR-34a is also upregulated during TPO
induced differentiation of CD34+ cells, and its enforced expression increases the
number of MKs [66]. Thus, miR34a is illustrated to enhance megakaryocytopoiesis.
Recent reports show the downregulation of miR-130a during the CD34+ cells dif-
ferentiation into MKs targets the MAFB transcription factor, which is upregulated
during megakaryocytopoiesis [58]. Thus, miR-130a downregulation may help to
MEPs fate decision by upregulating MAFB, which inhibits erythroid differentiation
[68]. Several other miRNAs in megakaryocytopoiesis have been identified, but there
is no much information related to their activity. miR-27a was found to be upregu-
lated during MKs differentiation by RUNX1, miR27a targets RUNX1 and modu-
lates the steady-state level of RUNX1 during MKs differentiation [69]. In this way,
miR-27a and RUNX1 maintain a regulatory feedback loop. miR-10a is downregu-
lated during MKs differentiation and was found to target HOXA1 [58, 70]. Thus,
miR-10a appears to inhibit MKSs differentiation. miR-181 is upregulated during ini-
tial stage of MKs differentiation and after that it is progressively downregulated,
miR-181 was found to interrupt the Lin28-Let7 feedback circuit by downregulating
the Lin28 in early stage of MKs differentiation [71]. Thus miR-181 appears to pro-
mote megakaryocytopoiesis by indirectly promoting the expression of Let-7, but
not promoting the erythroid differentiation [71]. Hence, it works as a molecular
switch during MEPs progression toward MKs differentiation. miR-223 expression
increases during MKs differentiation and it downregulates LMO2 expression by
directly targeting LMO2 mRNA, whereas the miR-223 is downregulated during
erythrocyte differentiation and forced expression shows suppressive effects on ery-
throid differentiation [72, 73]. Recent study evidenced the role of miR-125b in regu-
lation of cell proliferation and survival in neonatal megakaryocytes [16] (Fig. 10.4).
Represents the summary of study on miRNAs in megakaryocytopoiesis.

miRNAs in Erythropoiesis

Erythropoiesis is the process which produces red blood cells (erythrocytes).
Erythropoiesis occurs in bone marrow (in humans) and stimulated by erythropoie-
tin, which is secreted by kidneys in response of decreased oxygen levels in
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Fig. 10.4 Schematic representation of the role of miRNAs in megakaryocytopoiesis

circulation. The role of certain miRNAs in erythropoiesis has also been identified in
last 6-7 year research work. c-KIT, a receptor of SCF, has important role in early
erythropoiesis to regulate survival and proliferation of erythroblasts [74, 75], and its
expression is blocked in late erythropoiesis by GATA1 and other mechanisms [75].
Felli et al. [76] first reported that miR-221/222’s expression is downregulated dur-
ing differentiation of CD34+ cells into erythroid precursors, miR-221 and 222
directly targets c-KIT 3'UTR and the expression of both miRs is inversely related to
that of c-KIT. Gabbianelli et al. [77] reported that the perinatal HbF switching is
controlled by c-KIT. Thus miR-221/222 appears to block HbF switching and down-
regulates erythroblasts proliferation. One in vitro culture study on peripheral blood
CD34+ cells revealed progressive downregulation of miR-221, miR-222, miR-150,
and miR-155; upregulation of miR-451 and miR-16 at late stage of erythrocyte dif-
ferentiation; and biphasic regulation of miR-339 and miR-378 during erythroid dif-
ferentiation [78]. miR-150 is downregulated during erythropoiesis and directly
targets c-Myb which regulates MEP fate decision towards erythrocyte or mega-
karyocytes [56]. Vegiopoulos et al. [79] reported that c-Myb is promoting MEP
commitment toward erythropoiesis and progression of cells from their early to late
stage of differentiation. Accumulating data from many erythroid miRNA profiling
studies proved that miR-451 is upregulated after erythroid differentiation [78, 80,
81]. The expression of miR-451 is erythroid specific and it transcribed as a bicis-
tronic transcript with miR-144 by GATA-1 transcription factor [82, 83]. miR-451
was found to protect erythroid cells from oxidative stress via inhibiting 14-3-3¢&,
which inhibits nuclear accumulation of FoxO3 transcription factor, a positive regu-
lator of erythroid antioxidant genes [84]. Patrick et al. [83] demonstrate that repres-
sion of 14-3-3§ by miR-451 enhances erythroid differentiation. Recently, Kim
et al. [85] identified RAB14 as a novel physiological inhibitor of human erythropoi-
esis, which is a direct target of both miR144 and miR451; the expression of miR-
144 and miR-451 is inversely proportional to that of RAB14. The forced expression
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of RAB14 shows the phenocopy of the effects of miR144 and/or miR451 depletion
and knockdown expression of RAB14 protects cells from miR-144/451 depletion
mediated inhibition of erythropoiesis, the knockdown expression of RAB14
increases the cell number and f-Hb expression during erythropoiesis [85]. miR-233
is downregulated during erythroid differentiation and the expression of its target
LMO?2 is upregulated, LMO?2 is required for erythroid differentiation [72, 73]. Thus
miR-223 is an inhibitor of erythroid differentiation. miR-24 regulates the erythro-
cytic differentiation by controlling the expression of ALK4 receptor by directly
targeting 3'UTR region of AKL4 mRNA, miR-24 blocks the expression of activin-
mediated accumulation of Hb and decreases the CFU and BFU of CD34+ cells. The
expression of miR-24 is downregulated during erythropoiesis [86]. The c-Myb is an
important factor for lineage commitment, proliferation, and differentiation. Zhao
et al. [87] suggested a negative autoregulatory feedback mechanism between c-Myb
and miR-15a. c-Myb binds promoter region of miR-15a and promotes its expression
whereas miR-15a downregulates the c-Myb expression by blocking its translation;
the forced expression of miR-15a in bone marrow mononuclear cells blocked the
erythroid transition from BFU to CFU in vitro [87]. miR-320 was found to inhibit
erythroid differentiation by targeting SMAR1 mRNA, which in turn downregulates
miR-222 expression by binding promoter region of miR-221/222 [88]. miR-320 is
downregulated during erythroid differentiation [80] resulting in upregulation of
SMARI, which downregulates miR-222 expression [88]. miR-222 inhibits erythro-
poiesis by targeting c-KIT [76]. Thus miR-320 regulates erythropoiesis through
SMARI and miR-221/222. (Fig. 10.5) represents the summary of the regulatory
role of miRNAs in erythropoiesis.
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Fig. 10.5 Schematic representation of the role of miRNAs in erythropoiesis
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miRNA in Granulopoiesis and Monopoiesis

Transcription factors are well known to play important role in GMP fate decision;
these regulate the commitment of GMP into granulocyte or monocyte. An increas-
ing body of data implicates the importance of various miRNAs in regulatory circuit
of these transcription factors. miRNAs regulate these transcription factors activity
by downregulating their translation, many TFs also regulates the expression of miR-
NAs. miR-223 with two other TFs, NFI-A and C/EBPa, was reported to be involved
in a regulatory circuit of retinoic acid (RA)-induced differentiation of granulocytes;
both NFI-A and C/EBPa compete for binding to the promoter region of miR-223
gene [89]. NFI-A downregulates promoter activity of miR-223, whereas C/EBPa
promotes promoter activity of miR-223 and increases transcription of miR-223
which represses NFI-A translation [89]. Zardo et al. [90] reported in human CD34+
cells that NFI-A expression is also downregulated at transcriptional level by coordi-
nated epigenetic events triggered via recruitment of polycomb (PcG)-RNAi com-
plexes and endogenous miR-223. AMLI1/ETO, a fusion protein expressed in AML
cells, was found to inhibit granulopoiesis by recruiting chromatin remodeling
enzymes (HDAC and DNMT) on pre-miR-223 gene, in turn these enzymes down-
regulates pre-miR-223 gene expression via chromatin remodeling [89]. Above
reports show that miR-223 upregulates granulocyte differentiation by transcrip-
tional and posttranscriptional targeting of NFI-A gene expression. Johnnidis et al.
[91] reported the increased expression of miR-223 during granulocytic differentia-
tion while it decreases during monocytic and erythrocytic differentiation and it was
found as the fine-tuner of granulocyte differentiation and function in mice model.
GFI-1 is a transcriptional repressor protein which has role in normal granulopoiesis,
the GFI-1 deficiency in mice and human has been found to exhibit an arrest in
myeloid differentiation [9, 92]. It is reported that GFI-1 binds to the promoter of
miR-21 and miR-196b and downregulates their transcription; GFI-1 upregulation in
mice GMP cells is associated with dramatic reduction of both miR-21 and miR-
196b [93]. miR-21 overexpression in Lin— murine BM cells was found to increase
the monocytic colonies and its antagomiR showed apposite effects, whereas ectopic
expression of miR-196b was observed with significant decrease in granulocytic
colonies [93]. However, coexpression of both miRNAs completely blocked the
G-CSF induced granulopoiesis and lead to the accumulation of immature granulo-
cyte and monocyte precursors [93]. Thus, miR-21 appears to act as a promonopoi-
etic factor and miR-196b as an antigranulopoietic factor and both miRNAs with
GFI-1 control the fate decision of GMP to granulocytes. Fontana et al. [94] investi-
gated the role of miR-17-5p, 20a, and 106a cluster in monocytic differentiation and
maturation of human CD34+ cells, this cluster is downregulated during monocytic
differentiation. AML-1, a direct target of this cluster, is unblocked and upregulated
during monocytic differentiation, thereby promoting monocytic differentiation and
maturation; AML-1 also acts as a suppresser of these three miRNAs by directly
targeting their promoter region [94]. Rosa et al. [95] reported that human monocyte/
machrophase differentiation is regulated by an interconnected circuit of PU.1, miR-
424 and NFI-A; PU.1 activates transcription of miR-424, which in turn induces
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monocyte/macrophase differentiation by translational repression of NFI-A, which
is an inhibitor of monocytic differentiation. Other reports also found the miR-424
upregulation during monocytic differentiation of leukemia cell lines [96, 97].
Bousquet et al. [98] identified that miR-125 is upregulated in MDS and AML with
t(2;11)(p21;923); miR-125b interferes with primary human CD34+ cell differentia-
tion, and also inhibits granulocytic and monocytic differentiation in HL60 and NB4
leukemic cell lines. Ooi et al. [21] reported that miR-125b expression level is high
in mouse HSC, and its expression decreases progressively during lymphoid and
myeloid progenitor commitment; the miR-125b expression also decreases during
CMP differentiation into GMP. Surdziel et al. [99] reported that the miR-125b
affects myelopoiesis in various ways and blocks the G-CSF induced differentiation
of granulocytes. Shen et al. [97] reported that miR-424 decreases the miR-125b
expression by direct targeting to CDX2 (caudal type homeobox 2) and promotes
monocytic differentiation. CDX2 TF was reported as a transcriptional regulator of
miR-125b, which binds promoter region of miR-125b and increase its expression
[100]. (Fig. 10.6) represents the regulatory role of miRNAs in granulocyte and
monocyte differentiation.

Hematological Disorders

Hematological malignancies account for 9.5 % and lymphomas are more common
than leukemia. Hematological malignancies are malignant neoplasms which affect
blood, lymph, bone marrow and lymphatic system. Leukemias are classified into
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acute myelogenous leukemia (AML), chronic myelogenous leukemia (CML), acute
lymphocytic leukemia (ALL), chronic lymphocytic leukemia (CLL), acute mono-
cytic leukemia (AMOL), and so forth. Lymphocytic leukemia and myeloma arise
from lymphoid lineage cells, whereas CML, AML, and myelodysplastic syndromes
arise from myeloid lineage cells. Lymphomas are classified into Hodgkin’s lympho-
mas and non-Hodgkin’s lymphomas. Recent expression profiles of miRNAs studies
have evidenced their involvement in the development of hematological
malignancies.

Acute Myeloid Leukemia

AML is the most common type of leukemia in adults and is a rapidly growing
malignant neoplasm in which immature WBCs are found in blood and bone mar-
row. Recent study indicated that miR-126/126* is upregulated in this malignancy
and induces inhibition of apoptosis and also increases cell viability and prolifera-
tion. This study found that tumor suppressor protein PLK2 (polo-like kinase2)
which is involved in the cell cycle checkpoint was targeted by miR-126 [101]. miR-
125b and miR-99a which are present on chromosome 21 are shown to involve in
co-regulation of vincristine resistance in childhood acute megakaryoblastic leuke-
mia [102]. miR-223 regulates granulopoiesis by inhibiting the cell cycle regulator
protein E2F1. But in AML E2F1 is a transcriptional inhibitor of miR-223 by bind-
ing to the miR-223 promoter [215]. The study has show that mir-223 suppression is
not caused by nucleotide sequence change or hypermethylation of DNA, its sup-
pression in AML is caused by impaired miR-223 upstream factors [103]. miRNA-
221 inhibits the CDK inhibitor p27 thereby enhancing cell proliferation in AML
[104] and overexpression of miRNA 221 has also been associated with several solid
tumors. The role of Hypoxia-inducible factor 1 (HIF-1) has been observed in
miRNA signaling network by regulating the miR-20a and miR-17 which can inhibit
the p21 [105]. Tumor suppressor let-7b miRNA expression was found to be down-
regulated in AML [104]. Recent studies have shown involvement of several other
miRNAs in AML pathogenesis which has been listed in Table 10.3.

Chronic Myelogenous Leukemia

Uncontrolled growth of granulocytes (eosinophils, basophils, and neutrophils) has
been observed in chronic myelogenous leukemia or chronic granulocytic leukemia.
This leukemia is well characterized by presence of fused BCR-ABL protein present
in Philadelphia chromosome. The translocation of BCR gene between chromosome
9 and 22t (9; 22) (q34; q11) [106] leads to fusion protein BCR-ABL. This protein
inhibits DNA repair and cause genome instability, which in turn leads to accumula-
tion of genetic abnormalities [106]. Overexpression studies of miR-29b have shown
that it decreased the cell growth and colony formation by inhibiting ABL1 and
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BCR/ABLI1 [107]. The overexpression of miR-138 also inhibits BCR/ABL1 and
CCND3 by binding to the coding and 3'UTR regions [108]. The list of miRNAs
which are involved in CML pathogenesis is given in Table 10.4.

Multiple Myeloma

Recent studies have evidenced that deregulated miRNAs have associated with
myeloma genesis and most of the miRNAs are upregulated in plasma cell of
myeloma compared to normal condition [109] and further studies have shown
deregulated miRNAs could be used for diagnostic purpose [109]. Ninety-five
miRNAs have shown more expression in an analysis of 464 miRNAs in multiple
myeloma (MM) condition when compared to healthy individuals in a compara-
tive study of miRNA expression profiles of 52 MM patients and healthy persons
[110]. miRNA-15a expression was downregulated in MM cells which could be a
tumor regulator [111]. In another study miRNA-15a and miRNA-16 expression

Table 10.3 miRNAs involved in AML

miRNA Targets Function References
miR-126* | ADAT2,FOF1, LMO7 Upregulation leads to Lietal. [101]
chromosomal translocations and
inhibits apoptosis
miR-126 TOMI1, CKMT2, ZNF131, | Targets tumor suppressor PLK2 | Lietal. [101]
RGS3
miR-223 ANKH, SCN1A, SCN3A, | C/EBPa regulates its expression | Eyholzer et al.
CBFB, CDH11, NEBL, in turn it inhibits E2F1 in AML [103]
RILPL1, CENPN cells
miR-221 HIPK1, RAB18, DNM3, Oncogenic miRNA, it inhibits Cammarata et al.
ZNF547, the CDK inhibitor p27 [104]
miR-124a Target the C/EBPa, silenced and | Hackanson et al.
block differentiation gives [208]
leukemia phenotype
miR-20a POLQ, KLF12, STK38, Inhibits the p21 He et al. [105]
and CENTDI1, NUP35, GNB5,
miR-17 CTSK
miR-29b SCML2, Clorf96, Tumor suppressor in AML and Garzon et al.
COL3A1, COL7A1, reduce tumorigenicity [216]
COLI11A1
miR-29b CD93, HBP1, SNX21, Reduced expression of DNA Garzon et al.
GNS, HMGCR, HNF4G, methyltransferases [216]
DNMT3B
miR-196a | FOS, GATA6, HOXB6, They target ERG expression Coskun et al.
and HOXCS, ZNF24, [217]
miR-196b | CCDC47
miR-193b | MMP19, ARMCI1, Downregulated in AML and it Gao et al. [218]
ARPC5 targets c-Kit
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Table 10.4 miRNAs involved in CML
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miRNA | Targets Function References
miR- IRF9, RAB10, TXNIP, Downregulated in imatinib treated Venturini et al.
17-92 TET2 CML cells [219]
miR-21 TXPAN2, LUM, SUZ12, | Antisense inhibition leads to Hu et al. [220]
MSH2, PDZD2 inhibition of migration and cell
growth and induces apoptosis
miR-203 | RTKN2, AAKI, MYST4 | Methylated in AML, CML, ALL, Chim et al. [221]
CD109, IL21, PLD2 CLL. Inhibit the expression of
BCR-ABL
miR-451 | TSC1, ACADSB, Associated with Ber-Abl Lopotova et al.
GRSF1, MAMLI, GDII, [222]
NAMPT
miR-29b | HAS3, SNX24, CD93, Inhibits ABL1 and BCR/ABL1 Lietal. [107]
SCML2, COL7AL, there by inhibiting cell growth and
ZNF396, HMGCR, ICOS | colony formation
miR-138 | KLF12, H3F3B, Represses BCR/ABLI and CCND3, | Xu et al. [108]
MYO5C, NXN, NEBL, increases by GATA1
PDPN, STK38
miR-212 | APAFI, EP300, EDNRA, | Increases the ABCG2 expression Turrini et al.
CFL2, NOS1, SOX4, [223]

SOX11

levels were elevated in the plasma cells (PCs) of diagnosed MM patients [112].
miRNA-29b has been reported to downregulate Mcl-1 and to induce apoptosis of
myeloma cells [113]. miRNAs-720, 1308, and 1246 and miRNA-193b-365 clus-
ter were found to be upregulated in PCs of myeloma patients than healthy con-
trols [114, 115].

Diffuse Large B-Cell Lymphoma

Recent studies have shown the deregulation of miRNAs in DLBCL. miR-155 has
been shown to overexpress in this lymphoma and play key role in progression of
pathogenesis [116-118]. The study showed transgenic mice which carry miR-755
develops high grade B-cell lymphoma after 6 months [119]. Another study showed
pre-B cells transformation into malignant when SHIP1 and C/EBPf were targeted
[120-123]. Another study evidenced of showing regression of lymphoma when the
inducible promoter of miR-155 was repressed [124]. The clinical importance of
miRNA was shown to reduce lymphomas when miR-155 antagomirs was delivered
in the form of nanoparticles into explants of tumors. The growth inhibitory effects
of TGF-B1 and BMP2/4 in DLBCL cells were suppressed via SMADS5 when miR-
155 was expressed in in vitro [125]. It was well-studied in in vitro and in vivo xeno-
transplant models that onco-mir-155 targets SHIP1 to promot TNFa-dependent
growth of DLBCL [121], and was also shown to be involved in regulation of
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PI3K-AKT pathway by targeting negative regulator PIK3R1 in DLBCL [126].
Differential expression of SHIP1 was observed in two molecular subtypes of
DLBCL, activated B-cell like, and germinal center B-cell like DLBCL [127]. CD10
is a prognostic marker for DLBCL, the expression of CD10 is higher in GC subtype
whereas the CD10 expression is low or absent in ABC subtype of DLBCL; the ABC
type cells show lower prognosis after treatment and higher activity of NF-xB which
targets mir-155 and increases expression of this onco-miR which results in down
regulation of PUI and lower expression of CD10 [128]. This study is correlated
with previous studies as miR155 expression levels are different between ABC- and
GC-type DLBCL. miR-34a is well-studied miRNA which can play a role as tumor
suppressor that is linked with p53 network in tumors [129]. Interestingly pS53 acti-
vates miR-34a expression and in turn miR-34a induces p53 via SIRT1 inhibition
[130]. The role of tumor suppressor has shown to be involved when treatment of
ABC-type DLBCL cell line (U2932) with miR-34a lead to regression of tumor
growth through suppression of Foxpl [131].

Lymphoid malignancies and increased tumor aggressiveness was associated with
upregulation of miR-17-92 along with MYC which could be mediated by
MYC/miR-17-92/E2F circuit [132, 133]. MYC upregulates the miR-17-92 cluster
which targets E2F1, while conversely pro-proliferative E2F3 regulates the miR-
17-92 cluster [134]. The miR-19 increases the Akt—-mTOR pathway through
suppression of PTEN and leads to cell proliferation in Ep-myc model and shown to
be a key component of the miR-17-92 cluster [135].

Mantle Cell Lymphoma

Deregulated miRNAs have been demonstrated in pathogenesis of mantle cell lym-
phoma (MCL) [136-139]. Studies evidence that overexpression of Cyclin D1 in
MCL is due to loss of miRNA target sites in the 3’'UTR of CCND1 for miR-15/16
and members of the miR-17-92 cluster [140, 141]. MCL is well characterized by
higher expression levels of MYC and miR-17-92 cluster, continuous PI3K/AKT
pathway, and resistance to apoptosis [66, 139, 142]. In addition to PTEN and BIM,
PHLPP2 was shown to be an important regulator of the PI3K/Akt pathway and
miR-17-92 cluster [143]. The tumor growth was decreased when silenced the miR-
17-92 expression in MCL xenotransplant model lead to suppression of PI3K/Akt
pathway. Finally, downregulation of miR-29 was shown to activate CDK4/CDKG6,
and serves as a potential prognostic marker for this malignancy [136].

Hodgkin Lymphoma

The involvement of miRNAs in Hodgkin lymphoma (HL) progression was demon-
strated after miRNA profiling studies in HL cell lines [144—146]. Aberrant miRNAs
which are associated with cell proliferation, apoptosis, and the p53 pathway are
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identified in HL cell lines using ribonucleoprotein chromatin immunoprecipitation
(RIP-ChIP) approach [147]. Upregulated miR-135a in HL cells lead to enhance-
ment of apoptosis and decreases cell proliferation via Bcl-xL inhibition by targeting
JAK?2 [138]. miRNA-9 is overexpressed in HL and several other cancer. miR-9 tar-
gets dicerl and HuR in HL, the inhibition of mir-9 leads to derepression of HuR and
DICER, which results in a decrease in cytokine production by HL cells; the lower
levels of cytokines inpair the attraction of normal inflammatory cells by HL cells
and also result in decreased tumour growth [148]. Further studies showed that
decrease in tumor growth of a xenotransplant model when miR-9 antagomir deliv-
ered in tumor. In addition silencing of let-7 and miR-9 in HL cell lines inhibits PC
differentiation with decreased expression of PRDM1/BLIMP1 [149]

Other B-Cell Lymphomas

Recent studies demonstrated involvement of miRNA deregulation in mucosa-asso-
ciated lymphoid tissue (MALT) lymphoma. Methylation of miR-203 leads to trans-
formation of gastritis to MALT lymphoma and provide the clues that ABLI as a
potential target for treatment of this lymphoma. 27-miRNA expression distinguishes
gastric DLBCL from MALT lymphoma [150]. Differential expression of miRNAs
were shown to differentiate gastritis to MALT lymphoma, i.e., five miRNAs (miR-
150, miR-550, miR-124a, miR-518b, and miR-539) were present in gastritis but
absent in MALT lymphoma [151]. Another miR-223 expression levels were shown
to increase E2A expression in gastric MALT lymphoma [152]. Involvement of miR-
NAs in B-cell lymphomas now has been studied but yet to be studied in rarer neo-
plasms such as B-cell primary cutaneous lymphoma, plasmablastic lymphoma, and
B-cell prolymphocytic leukemia (B-PLL).

T-Cell Lymphomas

The role of miRNAs in T-cell lymphoma is less studied when compared to B-cell
lymphomas. Few studies have been reported on involvement of miRNA in T-cell
lymphoma. Recent study showed that more than 100 miRNA are aberrantly
expressed in the cutaneous T-cell lymphoma (CTCL), Sézary syndrome (SzS)
[153]. QRT-PCR analysis in SzS has shown to miR-223 as a diagnostic marker in
clinical study. In addition these studies also showed the role of miR-342 in the
pathogenesis of SzS through its targeting of RANKL which was associated with the
protection of SzS cells from apoptosis [154].

Downregulation of miR-150 is shown to involve in NK/T-cell lymphomagenesis
[155]. This miR-150 regulates NK cells via Myb inhibition and other T-cell subsets
through NOTCH3 targeting [23, 155]. miR-150 enhances apoptosis and decreases
cell proliferation through DKC1 and AKT?2 and causes downregulation of BIM,
p53, and phosphorylated AKT expression levels when this miR was introduced into
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NK/T cell lymphoma. Overexpression studies of miR-122 in CTCL induced AKT
phosphorylation coupled with a decreased sensitivity to chemotherapy-induced
apoptosis as well as inhibition of p53. Another study has shown that overexpression
of miR-21 and miR-155 lead to enhancement of PI3K—Akt pathway activity [122]
whereas CTCL enhances AKT phosphorylation which couple with a decreased sen-
sitivity to chemotherapy-induced apoptosis as well as inhibition of p53 [156].
Further studies have shown the increased apoptosis after miR-21 silencing in SzS
cells, in this way miR-21 might represent a therapeutic target for the treatment of
SzS [157].

Polymorphisms in miRNA-Binding Sites in Hematological
Malignancies

Computational analysis have predicted of hundreds of single nucleotide polymor-
phisms (SNPs) located within miRNA-binding sites and experimentally validated.
Recent studies have evidenced that there is strong negative selection on SNPs in
miRNA binding sites (miRSNPs) when compared to the entire 3'UTR sequence
[158-160] and have shown functional significance of those sites. Several reports
have evidenced the involvement of miRSNPs with cancer and other diseases [161,
162]. First report of association of miRSNPs in hematological malignancies was
reported in 2012 [163]. Bioinformatics analysis has shown that 111 putative
miRSNPs are associated with 137 leukemia-associated genes.

Bioinformatics analysis of SNPs in the 3'UTRs of 137 leukemia-associated
genes revealed 111 putative miRSNPs. 10 miRSNPs have been observed in patients
of childhood acute lymphoblastic leukemia (ALL), adult CML and AML, and
healthy controls. This study concluded that polymorphic genotypes of ETV6_
rs1573613 and TLX1 rs2742038 have been observed and this association would
enhance the risk of disease. Carriers of the variant allele of PML_rs9479 were at
lower risk of ALL and AML [164]. The involvement of SNPs in polymorphisms in
miRNA binding sites of hematological disorders should be validated in in vivo and
the mechanisms by which the miRSNPs regulates hematological disorders.

Key Modulators in Therapeutics

Recent studies have evidenced involvement of miRNAs as key regulators of signal-
ing cascades that regulate cell fate and the function of normal and pathological
lymphoid progenitor/precursor cells (Table 10.5). Several studies about miRNA
expression profiles of lymphomas could provide the key roles of miRNAs in devel-
opment of lymphoma pathogenesis. Latest studies have shown miRNA as promis-
ing agent in the role of diagnosis, prognosis, and treatment but also become the
prospects for novel therapeutic strategies.
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Table 10.5 miRNAs, lymphoma-associated or treatment response correlated

Disecase
DLBCL vs. FL

DLBCL/FL/RNL

FL-t vs. FL-nt

ABC-DLBCL vs.
GC-DLBCL

UP or

miRNA DR

miR-150,
miR-17-5p,
miR-145,
miR-328 vs.
miR-9/9%,
miR-301,
miR-338 and
miR-213
mir-330,
mir-17-5p,
mir-106a and
mir-210
miR-223, UP
miR-217,
miR-222,
miR-221,
let-71,
miR-7b
miR-155, UP
miR-21 and
miR-221

miR-9, UP
miR-301,

miR-213,

miR-9%*,

miR-330,
miR-106a,
miR-338,

miR-155,

miR-210

Response

Differentially expressed
miRNAs in DLBCL and
FL identify signatures
respectively in DLBCL
and FL

Correctly identifies 98 %
of DLBCL, FL and RLN

Differentially expressed
(p<0.05) between FL-t
and FL-nt, accurately

(89 %) predict
transformation of FL cases

More highly expressed in
ABC- than GC-subtypes,
distinguish between
ABC- and GC-DLBCL
cases (p<0.05). miR-21
expression is an
independent prognostic
indicator in de novo
DLBCL (p<0.05)
Significantly higher
expression in FL than
RLN

195

References

Roehle et al.
[209]

Roehle et al.
[209]

Lawrie et al.
[145]

Lawrie et al.
[117]

Roehle et al.
[209]

(continued)
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Table 10.5 (continued)

Disease

DLBCL-dn vs.
DLBCL-t

DLBCL

HL

cHL vs. HL EBV+

UP or
miRNA DR

miR-27a, UpP
miR-19b,

miR-25,

miR-18a,

miR-636,

miR-92,

miR-621,
miR-526¢,
miR-766,
miR-299-5p,
miR-380-3p,
miR-129,

miR-588

miR-210, UP
miR-155,
miR-106a,
miR-17-5p
miR-150,
miR-145,
miR-328,
miR-139,
miR-95,
miR-99a,
miR-10a,
miR-149,
miR-320,
miR-151,
let-7e
(miR-17-3,
miR-595,
miR-663)
miR-17-92 UP
cluster

members, DR
miR-16,

miR-21,

miR-24, and
miR-155.

miR-150

miR-96, DR
miR-128a,
miR-128b

DR/lost

H.K. Karnati et al.

Response

More highly expressed
(»<0.05) in DLBCL de
novo than DLBCL-t cases,
correctly predict
transformation >85 %

Significantly higher
expression in DLBCL than
RLN

Significantly lower
expression in DLBCL than
RLN miR-17-3, miR-595,
miR-663 most
significantly lost in
DLBCL

The HL-specific miRNAs
upregulated

Only miR-150 is
significantly
downregulated in HL
compared with NHL

Selectively downregulated
in HL lymph nodes of
EBV+ HL patients

References

Lawrie et al.
[145]

Roehle et al.
[209]

Di Lisio et al.
[137]

Gibcus et al.
[146]

Navarro, et al.
[210]

(continued)
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Table 10.5 (continued)

Disease

cHL prognosis

B-CLL poor
prognosis

CLL vs. B-NHL

BL vs. B-NHL

UP or
miRNA DR

miR-135a

miR-21,

miR-30e,

miR-30d and
miR-92b

miR-29

miR-15a, UP
miR-195,
miR-221,
miR-23b,
miR-155,
miR-24-1,
miR-146,
miR-16-1,
miR-16-2
miR-182,
miR-
199a*(5p),
let-7 family,
miR-424,
miR-10a,
miR-7,
mir-126,
miR-218,
MiR-197,
miR-595,
miR-483
miR-17-3p, UP
miR-18a,

miR-19a,

miR-19b,

miR-92

let-7 family, DR
miR-29 (a, b,

¢), miR-155,
miR-146a

DR/UP

Response

Expression of miR-135a
in HL lymph nodes
correlates with clinical
outcome. Patients with

low miR-135a expression
had a higher probability of

relapse and a shorter
disease-free survival

To identify two different

risk groups for 5-year FFS

Significant relationship

between the expression of

9 miRNAs and the time
from diagnosis to
beginning of
chemotherapy

miR-197 the most highly
expressed miRNA,
miR-595 and miR-483
also upregulated

Up/Downregulated in BL

vs. NHL

197

References

Navarro et al.
[138]

Sdnchez-
Espiridion
etal. [211]

Calin et al.
[212]

Di Lisio et al.
[137]

Di Lisio et al.
[137]

(continued)
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Table 10.5 (continued)
UP or
Disease miRNA DR Response References

DLBCL prognosis miR-637, Poor prognosis Lawrie et al.
miR-608 and [145]
miR-302
miR-330, Better outcome Lawrie et al.
miR-30e, [145]
miR-425,
miR-27a,
miR-24,
miR-23a,
miR-199b,
miR-199a*
and miR-100

miR-21, Correlate with EFS and Roehle et al.
miR-127, (O [209]
miR-34a,
miR-195,
let-7 g,
miR-19a,
miR-27a
DLBCL drug miR-181a, Independent prognostic Alencar et al.
sensitivity miR-222 and indicators of survival in [213]
miR-18a R-CHOP treated DLBCL

The role of miRNAs in development and pathogenesis is shown to be evidenced
increasingly in vitro and in vivo that ectopic expression or silencing of specific
miRNAs lead to alter signaling of malignant cell survival. Recent studies have
demonstrated that onco-miR silencing by miRNA mimics suppresses the tumour
growth. First cancer-targeted miRNA drug MRX34, a liposomal formulation
loaded with tumor suppressor miR-34a mimic, entered a Phase I clinical trial in
patients with primary liver cancer or those with liver metastasis from other cancers
in April 2013 [165].

miRNAs are generally classified as oncomirs or tumor suppressor genes based
on their function, i.e., oncomirs or tumor suppressor genes provide approach for
therapeutics development. Silencing or suppression of tumor-inducing miRNAs
and replacement of downregulated miRNA by re-introducing miRNAs with tumor
suppressor function can be used as therapeutic agents.

Anti-miRNAs have been synthesized to silence or block a target miRNA that acts
as an oncogene. Cholesterol-conjugated “antagomirs,” polylysine-conjugated pep-
tide nucleic acids (PNAs), and locked nucleic acid oligonucleotides are chemically
modified anti-miRNAs that have demonstrated effectiveness in in vivo treatment
[166—-168]. Anti-miRNAs have been used against miR-155, miR-17-92 cluster,
miR-9, and let7 which are overexpressed in many lymphomas.

miR-17-92 cluster overexpression demonstrates to significantly enhance resis-
tance to radiotherapy in human MCL, and become potential molecular target for
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improving the effectiveness of conventional treatments. Another evidence that
antagomir 17-5p abolish the growth of therapy-resistant neuroblastoma cells which
express the miR-17-92 cluster at an elevated level [169, 170].

Even though antisense oligonucleotides have been shown to silence many
oncomiRs such as miR-155, miR-17-92, and miR-21, yet the use of anti-miRNAs
as drug in clinical practice is still a long way and a number of obstacles have to be
overcome before implementation of these therapeutic strategies in human diseases.
LNA-modified anti-miRNAs could enhance the specificity and reduce effective
doses of anti-miRNA molecules [46]. The incorporation of endonucleolytic
DNAzyme motif in LNA-based anti-miRNAs and siRNAs can enhance the catalytic
efficiency of these anti-miRNAs and siRNAs [171]. Several parameters such as
stability, safety, and successful delivery of therapeutic anti-miRNAs to the appropri-
ate tissue and into the cells need to be evaluated [172].

Babar et al. [173] have developed technology based on nanoparticles coated with
a cell-penetrating peptide encapsulating antisense peptide nucleic acids to systemi-
cally deliver anti-miR-155 (antagomir) in a B-lymphoma mouse model. In this
study, overexpression of miR-155 was induced in the lymphoid tissues of a deficient
miR-155 mouse model, causing disseminated lymphoma characterized by clonal
transplantable pre-B-cells. In this inducible system, nanoparticle-based therapy tar-
geting miR-155 resulted in the ability to reduce lymphoma growth. In particular,
nanoparticles injected in situ or systemically produced a rapid regression of lymph-
adenopathy, partially due to apoptosis of the malignant B-lymphocytes.

Another approach is exogenous administration of short double-stranded miRNA
mimics or endogenous miRNAs into diseased tissues to regulate miRNAs in order
to regain physiological levels of downregulated miRNAs in systematic approach or
tissue specific approach. In several malignancies, including lymphomas and leuke-
mia, frequent aberration of miR-34 gene expression is demonstrated which has
tumor suppressor function. So developments of miR-34a mimic formulations are
become promising drug in treatment of solid tumors.

Craig et al. have shown the relevance of miR-34 deregulation in lymphomagen-
esis by inoculating ABC-type cell line (U2932) with low expression of miR-34a
into humanized immunodeficient NOD/SCID/IL2RG—/— mice [131]. The tumor
growth was decreased by 76 % in this mouse with U2932 lymphoma and also
showed apoptosis of malignant B-lymphocytes when intravenous injections of a
neutral lipid emulsion (NLE)/miR-34a formulation in this mouse [131]. In addition,
miR-34a along with cytotoxic chemotherapeutic agents enables chemosensitivity
mainly through modulation of p53 in many cancers and hematological malignancies
[173, 174]. Recent studies evidenced the involvement of restoration of tumor sup-
pressor effects of miRNA using epigenetic drugs 5-aza-2'-deoxycytidine and
zeburaline that change the DNA methylation status. Epigenetic modifications such
as hypermethylation could downregulate the miR-34a in hematological malignan-
cies NK/T-cell lymphoma. The down-regulated expression of miR-34 showed
re-expression when pharmacological reversal of epigenetic silencing by epigenetic
inhibitors was employed in lymphoma [175]. Epigenetic downregulation of miR-
124 in acute lymphoblastic leukemia (ALL) showed poor prognosis in ALL patients
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due to a high relapse and mortality rate [176]. Recent study showed that 5-aza-
2-deoxycytidine and 4-phenylbutyric acid (PBA) drugs activate the expression of
miR-127 and decrease the proto-oncogene BCL6 in Ramos lymphoma cell line and
other cancer cell lines [177]. The downregulation of proto-oncogene BCL6 sup-
presses PRDM1 which is implicated in DLBCL [178]. The histone modification
restores the function of miR-127 and shown clinical importance to treat cancer.

Conclusion

Studies have evidenced the role of miRNA in regulation of all stages of hematopoi-
esis and differentiation. The mode of action of several miRNAs is not yet under-
stood due to its pleiotrophic nature of function, even though several miRNAs have
been known. Increasing evidences showed the role of miRNA based interventions
in treatment of hematological disorders could provide a powerful therapeutic
approach. Several substantial obstacles such as potential off-target effects, efficacy,
and safety are needed to overcome before entering into clinical trials. Hematological
malignancies from different origin have distinct miRNA profile which help to dis-
tinguish different hematological entities and could be useful for diagnosis, and
evaluation for therapeutic potential. Recent decade has shown tremendous progress
in research to understand the role of miRNAs in developmental hematopoiesis and
molecular mechanism of hematopoietic malignancies. This chapter updates the
miRNAs become crucial regulators in diversity of regulatory pathways and also
involve in the regulation of positive and negative regulatory feedback loops.
Moreover this chapter also illustrates that involvement of aberrant expression of
miRNA in several hematological disorders in association with transcriptional
repressors or activators.
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Chapter 11
Regulatory Roles of miRNAs in Aging

Xurde M. Caravia and Carlos Lopez-Otin

Abstract Aging is a biological process characterized by the progressive deteriora-
tion of physiological functions that occurs through the accumulation of macromo-
lecular and cellular damage. This phenomenon impairs tissue function and is a risk
factor for many disorders including cardiovascular disease, neurodegenerative dis-
orders, and cancer. A recent study has enumerated nine cellular and molecular hall-
marks that represent common denominators of aging and together determine the
aging phenotype, highlighting the concept of aging plasticity. Among the multiple
molecular mechanisms which may contribute to aging modulation, microRNAs
(miRNAs) are raising enormous interest due to their ability to affect all the
“Hallmarks of Aging.” In this chapter, we will focus on the description of the diverse
functional roles of geromiRs, the large and growing subgroup of miRNAs impli-
cated in aging. We will also address the molecular mechanisms underlying miRNA
function in aging and discuss potential strategies for managing aging and extending
longevity based on geromiR modulation.
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Introduction

Inevitably, all of us will experience a progressive deterioration of our body’s fit-
ness due to the biological process known as aging. This dramatic phenomenon has
long interested scientists, and with the extraordinary life-span increase of human
populations over the last century, there is a growing interest for understanding this
condition at the molecular level [1]. Aging is characterized by a progressive loss of
physiological integrity that occurs through the accumulation of macromolecular
and cellular damage, leading to impaired fitness and increased vulnerability to
death. This deterioration is the primary risk factor for major human pathologies,
including cancer, diabetes, cardiovascular disorders, and neurodegenerative dis-
eases. One of the main advances in aging research was the discovery of aging
plasticity, which implies that this process can be modulated by genetic, nutritional,
and pharmacological factors. The first evidence of aging plasticity came from the
discovery that caloric restriction—underfeeding without malnutrition—extended
life-span in many model organisms [2]. Likewise, other external perturbations,
such as temperature or oxygen levels, were found to influence life-span in several
organisms. A recent study [3] has enumerated nine cellular and molecular hall-
marks that represent common denominators of aging and together determine the
aging phenotype. These “hallmarks of aging” have been divided into three catego-
ries: primary hallmarks, antagonistic hallmarks, and integrative hallmarks. Primary
hallmarks include genomic instability, telomere attrition, epigenetic alterations,
and loss of proteostasis. These are the main culprits of the molecular damage asso-
ciated with aging and, therefore, they are all unequivocally negative hallmarks.
The second category involves the compensatory or antagonistic responses to this
damage, and includes three hallmarks: deregulated nutrient-sensing, mitochondrial
dysfunction, and cellular senescence. Antagonistic hallmarks can be positive or
negative depending on their intensity. At low levels they mediate beneficial effects,
but at high levels are deleterious. Finally, stem cell exhaustion and altered intercel-
lular communication fall into the category of integrative hallmarks that are the end
result of the previous two groups and are ultimately responsible for the functional
decline associated with aging [3].

The discovery of miRNAs in 1993 [4] has considerably changed the classical
view of gene expression regulation, revealing a new group of molecules that can
contribute to the complex process of aging. As addressed in other chapters of this
book, miRNAs participate in virtually all biological processes within the cell as
well as in numerous pathological conditions [5, 6]. Accordingly, it is tempting to
speculate that aging-related miRNAs that we have previously termed geromiRs [7]
are able to widely repress target genes driving the abovementioned hallmarks. In
this chapter, we will summarize the significant changes in miRNA expression dur-
ing aging in invertebrate and mammalian model organisms. In addition, we will
present the regulatory roles of miRNAs in relation to the cellular and molecular
hallmarks of aging and will discuss their experimental manipulation in order to
improve healthspan and life-span (Fig. 11.1).
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Fig. 11.1 Micro-managing the hallmarks of aging. Schematic representation of miRNAs that
regulate the nine hallmarks: genomic instability, telomere attrition, epigenetic regulation, loss of
proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem
cell exhaustion, and altered intercellular communication

MicroRNA Expression Profiles in Aging

Several miRNAs appear to play a key role in aging. First, numerous works have
reported significant age-related changes in miRNA expression during animal life-
span. Additionally, a growing number of miRNAs have been demonstrated to influ-
ence most of the well-known longevity and senescence pathways. In this section, we
will address the effect of aging on miRNA profiles in humans and animal models.
The first landmark study that identified a geromiR was carried out by Boehm and
Slack, who found that lin-4 miRNA loss-of-function Caenorhabditis elegans
mutants had a shortened longevity compared to wild-type animals, while
overexpression of this miRNA extended organism life-span [8]. To date, we know
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that a large number of C. elegans miRNAs display changes in their expression dur-
ing adulthood. Thus, the adult-specific disruption of argonaute-like gene-1 (alg-1),
which is necessary for miRNA maturation and function, results in abnormal longev-
ity, suggesting that miRNAs are essential for normal aging [9]. Further studies char-
acterized the abundance of miRNAs expressed in individual worms at different ages
and noticed that expression variability increased with age. One of these miRNAs,
miR-71, is required for normal longevity. Accordingly, transgenic worms over-
expressing mir-71 were found to be long-lived [10].

Similar to works on C. elegans, studies on Drosophila melanogaster have also
provided evidence for the contribution of miRNAs to the aging process. For exam-
ple, flies harboring a hypomorphic mutation in loquacious (logs), a key component
of the miRNA machinery, develop normally but show late-onset brain degeneration
and a reduced life-span, thus implicating miRNA functions in age-associated
pathologies [11]. A detailed analysis of brain miRNAs in this organism has also
revealed that the /ogs mutation causes an accelerated aging phenotype that is char-
acterized by progressive neurodegeneration, increased stress sensitivity, and loco-
motion alterations. A global analysis of miRNA expression levels singled out
miR-34 as the most likely mediator of this phenotype [11]. Notably, this work went
on to identify translational repression of E74A as the key event responsible for miR-
34 effects on aging. E74A is a component of steroid hormone signaling pathways, a
molecular network that had been previously associated with aging modulation [12].
In an elegant example of antagonistic pleiotropy [11], the authors have proposed
that although E74A is required during juvenile development, silencing of E74A by
miR-34 in adulthood is critical to avoid the harmful effects of this protein, which
exhibits sharply opposing functions on animal fitness at different life stages. In
addition, a different study identified a novel miRNA, named miR-282, and provided
evidence of its involvement on viability, longevity, and egg production. A prelimi-
nary expression analysis of computationally predicted targets of miR-282 suggested
that its effects on aging may be mediated by the modulation of a nervous system-
specific adenylate cyclase (rutabaga) during metamorphosis [13].

In contrast to invertebrates, current knowledge about the role of miRNAs in mam-
malian aging is still very limited due to the increased complexity and longer life-span
of these organisms. To date, no study has been able to demonstrate the ability of a
single miRNA to modulate the rate of aging in rodents by loss- or gain-of-function
modifications. However, cumulative observations during the last decade of miRNA
research strongly indicate that these molecules contribute to mammalian aging.
Profiling studies evaluated the miRNA expression levels of young, adult, and old rat
brains, and reported 547 known and 171 candidate novel miRNAs that were differ-
entially expressed among these groups [14]. Aged brains exhibit a predominant
upregulation of approximately 70 miRNAs and a downregulation of their respective
target genes [15]. Apart from the brain, muscle also degenerates with aging resulting
in loss of muscle mass (sarcopenia) over time. miRNA expression profiling from
mouse muscle at two different ages shows 34 miRNAs differentially expressed with
age, including miR-206 and miR-434 [16]. Perhaps the strongest evidence support-
ing the putative role of miRNAs in mammalian aging is the activity of specific miR-
NAs in both short- and long-life animal models. Thus, a study in Ames dwarf mice,
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which live 70% longer than wild-type mice due to deficiencies in pituitary hormones,
has suggested a critical role for miR-27a in their characteristic life-span extension
[17]. This miRNA is significantly increased in the liver of Ames mice, whereas its
target genes, ornithine decarboxylase and spermidine synthase, are downregulated.
Interestingly, both are important enzymes of the aging-associated polyamine biosyn-
thetic pathway. Conversely, the upregulation of miR-1 and the miR-29 family have
also been linked to the progeroid phenotype of a mouse model of Hutchinson-Gilford
progeria syndrome by controlling multiple overlapping aging pathways [18, 19].
Several transcriptional studies in humans and other primates have also supported
this notion of miRNA modulation of the aging process. Thus, the analysis of mRNA,
miRNA, and protein expression in human and macaque brain evidenced regulatory
relationships between miRNAs and mRNAs during aging of both species [20].
Further studies of miRNA expression in human serum from young and old individu-
als have found that the expression of miR-151a-5p, miR-181a-5p, and miR-1248 is
significantly decreased in older individuals. Consistently, these miRNAs also show
decayed levels in the serum of elderly rhesus monkeys [21]. Recently, one work has
reported the first comparison of miRNAs expression profiles of cells from centenar-
ians, octogenarians, and young individuals. Surprisingly, centenarians showed a
narrow upregulation of miRNA levels compared to young individuals, but wide
upregulated miRNA levels compared to octogenarians [22]. In addition, 15 platelet
miRNAs were differentially regulated by age in a study performed in 154 healthy
subjects, while their respective target mRNAs were inversely expressed [23].

Micro-managing the Hallmarks of Aging

Over the last years, advances in genetics and molecular biology have led to the iden-
tification of a subset of genes whose deregulation affects the aging process. In fact,
the study of these genes has been instrumental in defining the hallmarks of aging [3].
In this section, we will discuss the functional relevance of miRNA-mediated regula-
tion of these evolutionary conserved molecular and cellular processes.

Genomic Instability

Even under the most controlled environmental conditions a mortal organism ages,
illustrating how exogenous and endogenous sources of damage strongly influence the
aging process through the generation of DNA lesions. Cells display a broad repertoire
of macromolecule turnover and repair systems that are matched with the variety and
frequency of DNA damage. These mechanisms, responsible for genome integrity,
include molecular circuits that detect damage and activate pathways aimed at repairing
the damage and/or preventing abnormal cellular behaviors, in a process termed DNA
damage response (DDR) [24]. Recent studies have unveiled different miRNAs that
contribute to the modulation of DDR to try to maintain genome integrity (Fig. 11.2).
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Fig. 11.2 Functional relevance of miRNAs in genomic instability. miRNAs regulate the DNA
damage response that is triggered by genomic instability in aging

The miR-34 family members were the first group of miRNAs described to be
transcriptionally regulated by p53 in response to DNA damage [25]. Thus, miR-34c
expression is induced by p53 and inhibits c-Myc following DNA damage, preventing
aberrant DNA synthesis and activating the S-phase checkpoint [26]. Additionally,
miR-34 inhibits HDM4, a negative regulator of p53, and establishes a positive feed-
back loop [27]. In contrast to this protective role, miR-34a can act as a promoter of
DNA damage and mitotic catastrophe, because it inhibits 53BP1 and counteracts its
recruitment to DNA double-strand breaks, impairing DNA reparation [28]. In
Zmpste24-deficient mice, a model of Hutchinson-Gilford progeria syndrome [29],
altered chromatin architecture mediates the transcription of components of the miR-
29 family in a p53-dependent manner [19]. Similar to the p53-dependent miR-34
feedback loop, miR-29 targets and represses PPM 1D, a phosphatase that fine-tunes
the DDR through inhibition of the activity and stability of p53. Similarly, Werner
syndrome (WS), a premature aging disorder caused by mutations in a RecQ-like
DNA helicase, can be phenocopied in both mice and worms by loss of function of the
corresponding orthologous genes: WRN and wrn-1, respectively. This study also
revealed that worms with mutations in wrn-1 show a reduced expression of miR-124,
and that, surprisingly, the loss of miR-124 phenocopies the wrn-1 mutation [30].

Accumulating evidence also suggests control of miRNA biogenesis as an impor-
tant regulatory element of the DDR pathway. For example, knockdown of DICER,
a nuclease complex that contributes to miRNA maturation, reduced the
ATM-dependent DDR through downregulation of miRNAs at damaged sites [31].
By contrast, DICER knockdown increases the resistance to camptothecin-induced
DNA damage by reduction of let-7, which increased p21/p27 levels, again impair-
ing DNA reparation [32]. Also in response to DNA damage, p53 interacts with the
Drosha processing complex and coordinates the maturation of several miRNAs with
growth-suppressive function, including miR-16-1, miR-143, and miR-145 [33].
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Finally, DICER levels are also fine-tuned in response to DNA damage. TAp63, a
member of the p53 family, directly binds to the Dicer promoter and activates its
transcription in mice [34].

Telomere Attrition

Telomeres are repetitive DNA sequences located at the end of chromosomes that
protect them from degradation. Telomeres recruit a multiprotein complex named
shelterin [35] to form a chromatin structure that prevents its recognition as double
strand breaks and the access of DNA repair proteins [36]. Only telomerase, a special
DNA polymerase, can replicate telomeres. Adult cells do not express telomerase,
which results in a progressive shortening of these protective fragments throughout
aging until cells lose their replicative capacity.

miRNAs regulate diverse components of the shelterin or telomerase protein
complexes. For example, miR-155 targets a conserved sequence motif in the 3’
UTR of the shelterin component TRF1, thereby mediating its translational repres-
sion and triggering telomere fragility and chromosome alterations [37]. As men-
tioned above, other miRNAs are able to regulate telomerase, for example, miR-498
regulates the catalytic subunit of telomerase by targeting the 3" UTR of the encod-
ing mRNA [38]. Conversely, shortening of telomeres may change the miRNA
expression profile of different cells. Thus, miRNA expression profiles in cells with
intact or with shortened telomeres revealed that 47 miRNAs were differentially
expressed between these cell types. Some of these miRNAs are implicated in growth
arrest or act as oncogene repressors [39]. In addition, chromosome instability driven
by telomere shortening dramatically alters the pattern of miRNA expression in cells
[40]. In summary, genomic instability and telomere attrition represent two molecu-
lar hallmarks that influence cancer and aging biology. This genetic damage is coun-
teracted by the DDR systems, which in turn are heavily regulated by miRNAs.
Therefore, modulating the activity of these miRNAs could either accelerate or
decelerate tissue aging and age-related carcinogenesis [41].

Epigenetic Alterations

Sirtuins are important NAD-dependent protein deacetylases and ADP-
ribosyltransferases implicated in histone modification, an essential epigenetic
mechanism. The sirtuin pathway, whose upregulation extends longevity in yeast,
worms, and flies [2], is also influenced by miRNAs. Among the different sirtuins,
SIRT1 is widely recognized as a crucial regulator of metabolism, stress responses,
replicative senescence, and inflammation [42]. In fact, SIRT1 is an important medi-
ator of the beneficial metabolic effects of caloric restriction (CR) and the target
effector of the antiaging molecule resveratrol. Among the miRNAs that might
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regulate SIRT1 during aging, the aforementioned age-related miR-34 is one of the
best examples, as assessed by its ability to directly target SIRTI mRNA in several
in vitro and in vivo experiments [43]. Likewise, miR-217 upregulation in human
endothelial cells during aging reduces SIRT1 activity and promotes senescence [44].
There is also evidence that several miRNAs, including miR-181a/b, miR-9, miR-204,
miR-135a, and miR-199b, downregulate SIRTI during differentiation of mouse
embryonic stem cells into different tissues [45]. Alternatively, other miRNAs modu-
late SIRT1 activity indirectly. For instance, miR-519 contributes to human fibro-
blasts senescence by decreasing the protein levels of SIRT1 through targeting the
RNA binding protein HuR [46].

Apart from histone deacetylation, miRNAs are able to control other epigenetic
mechanisms, like methylation of DNA. Thus, it has been shown that Dicerl defi-
ciency in mice leads to decreased DNA methylation, along with increased telomere
recombination and telomere elongation [47]. This methylation defect is a consequence
of the reduced expression of the Dnmtl, Dnmt3a, and Dnmt3b DNA methyltransfer-
ases. Further analyses have identified miR-290 as an agent in this decrease of methyl-
transferase levels, through repression of the retinoblastoma-like 2 protein (Rbl2).
Moreover, miRNAs can also be methylated, as illustrated by the finding in Drosophila
of an increase in the 2'-O-methylation at the 3’ end of miRNAs with age. These epi-
genetic modifications guide the preferential loading of miRNAs into Ago2, and not in
Agol. Loss of methylation leads to accelerated neurodegeneration and shorter life-
span, suggesting the role of methylation of miRNAs in age-associated events [48].

Loss of Proteostasis

Protein folding and degradation of misfolded proteins are key processes that are
closely related to aging. In addition, their experimental manipulation can precipitate
or ameliorate this unavoidable process. Therefore, protein homeostasis or proteos-
tasis is a bona fide aging hallmark [3, 49]. The main mechanisms implicated in
proteostasis (autophagy, proteasomal degradation, and chaperone-mediating pro-
tein folding) are subjected to miRNA regulation.

In mammals, the regulation of the proteasome is especially important in the ner-
vous system, as illustrated by the severe neurodegenerative diseases related to the
accumulation of protein aggregates during aging [50]. In patients suffering from the
spinocerebellar ataxia type 1 neurodegenerative disorder (SCA1), a group of upreg-
ulated miRNAs defines a pathological expression pattern. The targets of these miR-
NAs are enriched in members of the ubiquitin-proteasome system, suggesting that
this system is deregulated in SCA1 [51]. More recently, another work has identified
DNA damage as a mechanism that modifies the repertoire of proteasome-associated
miRNAs, suggesting that in stress conditions these regulatory components modify
proteasome function [52].

Autophagy is an evolutionarily conserved mechanism that allows the cell to digest
its own components [53]. The activity of different factors belonging to this pathway
can be fine-tuned by miRNAs after transcription. Thus, the tumor suppressor
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miR-101 inhibits autophagy by targeting three different genes: STMNI, RAB5A, and
ATG4D [54]. miR-376b modulates human autophagy by regulating intracellular lev-
els of ATG4C and BECNI1 [55], while miR-34a targets ATG4B [56]. Alvarez-Erviti
et al. have demonstrated that at least eight different miRNAs can regulate chaperone-
mediated autophagy, which has a key role in the pathogenesis of a wide range of
diseases, especially in the nervous system [57]. These miRNAs decrease chaperone-
mediated autophagy through downregulation of hsc70 and LAMP-2A protein levels
in the brain [57]. Finally, miR-216a impairs the autophagic function in aging endo-
thelial cells through inhibition of two autophagy-related genes: Beclinl and ATGS5
[58]. Likewise, chaperones, a group of proteins implicated in the correct protein
folding, are also under miRNA regulation. Thus, miR-17-5p targets multiple endo-
plasmic reticulum stress-related chaperones during chronic oxidative stress [59].

In summary, these first four hallmarks of aging, genomic instability, telomere
attrition, epigenetic alterations, and loss of proteostasis, are included in the category
of primary hallmarks because they represent the main causes of cellular damage that
underlie the aging process. As described above, miRNAs regulate all these four
processes and the molecular mechanisms that repair or counteract this damage,
including those mediated by telomerase, chaperones, and epigenetic enzymes [3].

Deregulated Nutrient-Sensing

There is a close relationship between nutrient-sensing and aging. Among nutrient-
sensing pathways, IGF-1 signaling stands out as a highly conserved regulatory
module that influences longevity and also coordinates growth, development, and
metabolism [2]. Like other aging hallmarks, nutrient-sensing pathways are also
susceptible to miRNA regulation [60]. For example, the anomalous upregulation of
miR-1, which targets the Igf-1 mRNA, is associated with the systemic deregulation
of the somatotroph axis in premature aging mice [18]. Conversely, miR-470, miR-
669b, and miR-681 are significantly upregulated in brain of long-lived Ames dwarf
mice and their expression inversely correlates with the expression of several genes
of the IGF-1/insulin pathway. Functional studies have demonstrated that these
miRNAs target the IGF-1 receptor and contribute to reduce the levels of phos-
phorylated AKT and FOXO3a, two downstream targets of this signaling pathway,
in the brain of mutant mice [61]. In addition, human miR-145 also represses the
expression of IGF-1 receptor and its ligand, IRS-1 [62], while miR-206 and miR-
320 target this somatotroph axis in rats [63, 64]. Similarly, miR-182 and miR-223
downregulation enhances IGF-1 signaling and mediates the estrogen impact on
skeletal muscle. It has been proposed that IGF-1R and FOXO3a are the main tar-
gets whose overexpression triggers this positive effect [65]. In addition to regulat-
ing IGF-1, miR-17, miR-19b, miR-20a, and miR-106a target PTEN and inhibit the
AKT-mTOR pathway [66], emphasizing the diversity of miRNAs which can con-
tribute to modulate nutrient-sensing mechanisms implicated in the control of aging
and longevity.
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Mitochondrial Dysfunction

Mitochondrial dysfunction is another hallmark of aging [3]. The decline of autopha-
gic clearance during aging affects the equilibrium between mitochondrial fusion
and fission, leading to a build-up of dysfunctional mitochondria, oxidative stress,
inflammation, and apoptosis. The miRNAs that exert their roles in the mitochondria
are called mitomiRs and could act as vectors that sense and respond dynamically to
the changing microenvironment in this organelle. These regulatory elements modu-
late nuclear and mitochondrial encoded targets [67]. In a recent study, let-7b,
miR146a, miR-133b, miR-106a, miR-19b, miR-20a, miR-34a, miR-181a, and miR-
221 have been identified as mitomiRs. Further analysis has revealed that targets of
these miRNAs include genes that play important roles in processes like energy
metabolism, mitochondrial transport, and apoptosis, whose deregulation is linked to
aging [68]. Mitochondrial dynamics also plays a key role in some age-related
pathologies, such as Parkinson’s disease [69]. In addition, miR-34b and miR-34c,
whose expression is reduced in brain from Parkinson’s disease patients, alter the
mitochondrial function in neuronal cells through the inhibition of DJ1 and parkin,
two proteins associated with familial forms of the pathology [69]. An overview of
miRs and mitochondrial function is available in Chap. 3.

Cellular Senescence

A growing number of miRNAs are arising as important modulators of senescence.
This irreversible state of cellular growth arrest is an important effector of the cellular
response against DNA damage that prevents the malignant proliferation of cells har-
boring oncogenic DNA mutations. However, as in the case of DDR, some aspects of
cellular senescence have led to the consideration that it has a dual role through life-
span, protecting from cancer development but promoting inflammation and tissue
exhaustion, which prompts age-related alterations [70]. Numerous works have
revealed functional roles for miRNAs in senescence through a variety of mecha-
nisms. For example, miR-21 was reported as the first oncomiR that is able to produce
a hyper oncogenic signal sufficient to limit cell proliferation. Accordingly, miR-21 is
upregulated in senescent cells and its overexpression leads to cell-cycle arrest [71].
Another well-known oncogene, HRAS (V-12), induces senescence in primary fibro-
blasts through the production of reactive oxygen species (ROS). Yang et al. first
identified protein tyrosine phosphatase 1B (PTPIB) as a major target of RAS-
induced inhibition by ROS [72]. In turn, phospho-Tyr 393 of argonaute 2 is a direct
substrate of PTP1B and its phosphorylation impairs the loading of miRNAs and the
formation of the RNA-induced silencing complex (RISC) [72]. Furthermore, a recent
work has identified 22 senescence-associated miRNAs in human mammary epithe-
lial cells. In this subset, miR-26b, miR-181a, miR-210, and miR-424 repress
Polycomb group proteins CBX7, embryonic ectoderm development (EED), enhancer
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of zeste homologue 2 (EZH2) and suppressor of zeste 12 homologue (Suz12), and
activate p16, a key regulator of cellular senescence [73]. Moreover, macrophage
polarization plays a key role in developing age-associated diseases such as macular
degeneration. miR-33 impairs the ability of macrophages to efflux cholesterol, and
this intracellular lipid polarizes older macrophages to an abnormal, alternatively acti-
vated phenotype that promotes pathologic vascular proliferation. miR-33 exerts this
pathological role by downregulating the ATP binding cassette transporter ABCALI
and, consequently, mice deficient for Abcal exhibit accelerated aging [74]. Another
geromiR, let-7, contributes to prevent senescence through the inhibition of the reti-
noblastoma/E2F repressor complex, allowing the expression of proliferation-pro-
moting genes [75]. The biogenesis pathway of miRNAs plays a crucial role in the
regulation of cellular senescence. Thus, in a recent work, the synthesis of canonical
miRNAs was disrupted by knockdown of the microprocessor complex subunit
DGCRS [76]. In this experiment, DGCRS8 inactivation results in a dramatic antipro-
liferative response, with the acquisition of a senescent phenotype [76].

In summary, antagonistic hallmarks (deregulated nutrient-sensing, mitochon-
drial dysfunction, and cellular senescence) establish the biological response to pri-
mary hallmarks and, at low doses, mediate positive effects. However, when they
become very strong they can be deleterious. miRNAs contribute to fine-tune the
intensity of these responses and keep them under physiological limits [3].

Stem Cell Exhaustion

In addition to senescence, the decline of adult stem cell self-renewal and pluripo-
tency is also considered a key determinant in the age-associated deterioration of
tissue homeostasis and maintenance. Notably, several reports have described senes-
cence or age-related changes in miRNAs of human or rhesus macaque mesenchy-
mal stem cells [77, 78]. Furthermore, numerous studies have reported essential
roles for miRNAs in processes such as renewal, pluripotency, quiescent state main-
tenance, proliferation, and differentiation of adult stem cells in several tissues and
organisms. For example, the loss of self-renewal potential in old neural stem cells
has been linked to age-dependent upregulation of let-7b, which in turn inhibits
HMGAZ2 expression, a repressor of the INK4a/ARF locus [79]. Another illustrative
example involving let-7 is the testis stem-cell niche. In Drosophila testis, aging
results in a marked decrease in the self-renewal factor Unpaired (Upd), leading to a
loss of germline stem cells. The RNA binding protein Imp protects Upd from deg-
radation by let-7. In the absence of Imp, Upd mRNA becomes unprotected and
susceptible to degradation [80]. Hematopoietic stem cell self-renewal in mice is
also regulated by miR-33 repression of 7P53 [81], and the maintenance of quiescent
state in human muscle adult stem cells has been shown to be highly dependent on
miRNA activity, being miR-489 one of the most prominent effectors [82]. Stem cell
proliferation and neuronal differentiation in mice are also finely regulated by miR-
NAs of the miR-106b-25 cluster, which are in turn controlled by the aging-associated
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FoxO transcription factors [83]. Additionally, the expression of miR-486-5p and
miR-598 in human adipose tissue-derived mesenchymal stem cells (hADSCs) pro-
gressively increases with aging and regulates the expression of SIRT1, inducing a
premature senescence-like phenotype. In the case of miR-486-5p, this mechanism
blocks adipogenic and osteogenic differentiation [84, 85]. Studies of human embry-
onic stem cells (hESCs) have described a nonfunctional p53-p21 axis at the G1/S
checkpoint, which has recently been reported to be regulated by the miR-302 family
[86]. A progressive increase of miR-335 in ex vivo cultures of hMSCs, as well as
forced expression of miR-335, resulted in early senescence-like alterations includ-
ing senescence-associated secretory phenotype (SASP). Also in hMSCs, miR-
141-3p direct binding to the 3’ UTR of ZMPSTE24, which is involved in maturation
of lamin A, leads to accumulation of prelamin A in the nuclear envelope [87].

Altered Intercellular Communication

Aging also involves changes at the level of intercellular communication, be it endo-
crine, neuroendocrine, or neuronal. miRNAs influence intercellular communication
by being included in exosomes or directly circulating through body fluids [88, 89].
In C. elegans, life-span is controlled by signaling between the germline and the
soma. Different approaches have confirmed that miRNAs influence this process by
targeting well-known aging signaling pathways. For example, germ cell removal
extends life-span by triggering the activation of the DAF-16/FOXO transcription
factor in the intestine, and it was reported that miR-71 and let-7 function to mediate
this increase in longevity [90, 91]. In recent years, several lines of research have
converged on the concept of inflammaging: an age-related systemic chronic inflam-
mation that represents a prominent alteration in intercellular communication. miR-
NAs can fine-tune this activation of immune cells by regulating the SASP and the
Toll-like receptors, two putative mechanisms underlying inflammaging [92, 93].
For example, miR-21 and miR-29a are able to bind to TLRS, activating TLR-
mediated NF-kB signaling that leads to increased secretion of the proinflammatory
cytokines interleukin-6 and TNF-a [94].

There are several possibilities for restoring defective intercellular communica-
tion underlying aging processes. These strategies include nutritional interventions
such as caloric restriction, a condition that can promote longevity and protect
against age-associated disease across species. An elegant example in this regard has
been reported in C. elegans through the identification of miRNA-80 as a major regu-
lator during CR. Thus, miR-80 deletion confers system-wide healthy aging in a
mechanism that involves the factors cbp-1, daf-16/FOXO, and hsf-1 [95].

In summary, stem cells exhaustion and altered intercellular communication fall
into the category of integrative hallmarks, as they are the main mediators of the
aging phenotype and together influence the aging rate [3]. miRNAs regulate self-
renewal, inflammation, and other important conditions concerning this group of
integrative hallmarks of aging.
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Conclusions and Perspectives

The discovery of miRNAs has opened a new chapter in aging research that could
help to achieve a deeper knowledge of the molecular network underlying this com-
plex process. Although we are far from understanding the precise involvement of
these molecules in age-related alterations, solid evidence from the literature, dis-
cussed in this chapter, supports an important role for the growing group of geromiRs
in aging modulation. miRNA-mediated regulation impacts all nine molecular and
cellular hallmarks of aging, modifying the aging rate and age-related diseases both
in invertebrates and mammals [96]. Developing mammalian in vivo models for
ablation and gain of specific miRNAs will undoubtedly help us to answer many
important questions pertaining to how individual geromiRs regulate tissue aging
and organismal life-span. Nevertheless, diverse hallmarks are interconnected, which
will necessitate broader, integrative strategies. For example, cells that enter into
senescence acquire a SASP that leads to production of proinflammatory cytokines
and the triggering of inflammaging, a status with altered intercellular communica-
tion associated with aging [92]. In addition, a single miRNA may regulate several
processes affecting more than one hallmark. On top of this, the regulation of miRNA
expression, epigenetically or by transcription factors during aging, will also be a
topic of interest for future investigations. The recent advances in strategies to effec-
tively block or delivery specific miRNA in vivo may also facilitate new therapeutic
opportunities to delay or ameliorate age-related alterations as well as premature
aging syndromes [97]. Alternatively, a promising new area for miRNAs is in diag-
nostics, where miRNAs have great potential as molecular biomarkers of longevity
with ability to predict individual longevity better than chronological age [98].
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Chapter 12
Computational Prediction of microRNA
Targets

Alessandro Lagana

Abstract Computational prediction of microRNA (miRNA) targets is a fundamental
step towards the characterization of miRNA function and the understanding of their
role in disease. A single miRNA can regulate hundreds of different gene transcripts
through partial sequence complementarity and a single gene may be regulated by
several miRNAs acting cooperatively. The remarkable advances made in recent years
have allowed the identification of key features for functional miRNA binding sites.
A plethora of prediction tools are now available, but their accuracies remain rather
poor, as miRNA target recognition has revealed itself to be a very complex and
dynamic mechanism, still only partially understood.

In this chapter, the principles of miRNA target prediction in animals are pre-
sented, together with the most up-to-date and effective computational approaches
and tools available.

Keywords microRNA e Target prediction ¢ Post-transcriptional gene regulation

Introduction

microRNAs (miRNAs) are short endogenous RNA molecules, typically 18-22 bp
long, that function as post-transcriptional regulators of gene expression in higher
eukaryotes [1, 2]. More than 35,000 miRNAs from more than 200 species have
been identified so far according to miRBase, the official miRNA database [3, 4].
miRNAs are the mature products of longer hairpin-shaped precursors called pre-
miRNAs. Pre-miRNAs come, in turn, from primary transcripts, called pri-miRNAs,
which are transcribed from miRNA genes. A pre-miRNA can encode one or two
mature products, one from each arm of the hairpin (5p or 3p), and a single mature
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miRNA can derive from multiple precursors, either identical or highly similar [5].
Mature miRNAs are incorporated into effector protein complexes called RISC
(RNA-Induced Silencing Complex) and exert their function by binding specific
target mRNAs through perfect or, more often, partial sequence complementarity.

Several models have been proposed to describe the mechanisms underlying
miRNA-mediated gene regulation, mainly mRNA destabilization, mRNA cleav-
age, or translational inhibition [6—14]. Although all these models are plausible,
none of them are fully supported by evidence, thus the subject remains highly
controversial.

Several experimental techniques have been successfully employed for the iden-
tification of miRNA target, whether high-throughput (microarray and RNA-Seq,
associated or not with immunoprecipitation) or low-throughput (QRT-PCR, reporter
assays, western blot) [15]. Nevertheless, miRNA research relies heavily on compu-
tational methods from miRNA detection, annotation, and quantification to target
prediction and downstream functional analysis. Computational tools are built based
on experimental evidence and help generate new evidence which, in turn, provides
feedback to refine computational tools, implementing a fruitful albeit inevitably
biased loop.

In this chapter, principles of miRNA targeting and computational methods for
target prediction in animals are reviewed, highlighting advantages and limitations of
the current approaches as well as discussing challenges.

miRNA Targeting Features

The interaction of miRNAs with their targets is primarily based on sequence com-
plementarity, either full or partial, thus many features and determinants of targeting
involve the base composition of miRNA and target sequences. Numerous sequence
features of miRNA binding sites and their flanking regions have been identified as
critical determinants of targeting activity, the most important being the presence of
a short seed area in the 5" end of the miRNA sequence, which is considered essential
for target recognition [2]. Many miRNAs are extensively conserved across evolu-
tion and can be classified into families, and evidence shows that the binding sites of
highly conserved miRNAs are conserved as well [3, 4, 16-19]. Therefore, evolu-
tionary conservation represents another important feature for target prediction. A
third layer of targeting features is represented by thermodynamics, which concerns
the structural accessibility of miRNA binding sites and the stability of miRNA—tar-
get duplexes. Finally, miRNA and gene expression data can be used to improve the
performance of target prediction methods.

In the next sections of this chapter, each category of features introduced above
will be covered in more detail, along with the tools which implement them. Tools
and features are summarized in Tables 12.1 and 12.2.
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Seed Match

The seed sequence of an miRNA is defined as the 6/7 nucleotides (nt) region at the 5
end of the mature miRNA. miRNA targets usually exhibit perfect Watson—Crick (WC)
complementarity (i.e., A-U and G-C) to the seed region, as evidence shows it is the area
used by the RISC as a nucleation signal for target recognition. Thus, seed match con-
stitutes a fundamental feature of miRNA/mRNA binding that most prediction algo-
rithms rely on. There are four types of canonical seed matches (see Fig. 12.1a):

» o6mer: the basic seed type, a perfect WC match between nucleotides 2 and 7 of
the miRNA and the target site.
e 7mer-Al: a 6mer augmented by an A at target position 1.

a b
MRNA 57 = rerrnesineersssneee NNNNNN..... = 3 mRNA 57 —.... . NNNNNN.... NNNNNNN...-3'
FETET] RN RN
miRNA 3 -NNNNNNNNNNNNNNNNNNN-5 ' miRNA 3 ' ~NNNNNNNNNNNNNNNNNNN-5 '
Gmer 3’ supplementary site
MARNA 57 =i NNHNNNA.,.= 3 * mRNA 5’ -..NNNNNNNN.......NNNNNNN.....-3 '
[T SR NN ER RPN
miRNA 3" =NNNNNNNNNNNNNNNNNNN-5' miRNA 3 ' ~NNNNNNNNNNNNNNNNNNN-5 '
Tmer-Al 3’ compensatory site
mRNA 5'= NNNNNNN....-3' mRNA 57 -........  NNNNNNNNNNNN..........- 3"
[TTEET (ARNRARNRRNN
mikRNA 3 ' -NNNNNNNNNNNNNNNNNNN-5* miRNA 3" -NNNNNNNNNNNNNNNNNNN-5 '
7mer-m8 Centered site
G
MRNA 5" =i NNNNNNNA.. .= 3/ MRNA 57— NNN NNNN.....- 3’
[ETTTT [
miRNA 3 ' —NNNNNNNNNNNNNNNNNNN-5' miRNA 3 —-NNNNNNNNNNNNN NNNNN-5'
8mer G-bulge site
Canonical sites Non-canonical sites

Fig. 12.1 Different types of seed match. (a) Canonical sites. They involve perfect complementar-
ity of the seed region of the miRNA, a consecutive stretch of 6/7 nucleotides starting at position 2.
The characters in bold indicate the miRNA seed sequence and its binding site. The symbol “|”
indicates WC binding. (b) Noncanonical sites. The characters in bold indicate sufficient minimal
stretches of paired nucleotides. The symbol “|” indicates WC binding. The symbol “x” indicates a

mismatch. Non-bold and grey characters associated with the symbol *“:” indicate optional binding
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e 7Tmer-m8: a perfect WC match between nucleotides 2 and 8 of the miRNA and
the target site.
e 8mer: a 7Tmer-m8 augmented by an A at target position 1.

These types of seed match were first described and characterized by Bartel, and
implemented in TargetScan, one of the most popular tools for miRNA target predic-
tion [2, 16, 17, 20, 21]. Seed match is the most widely employed feature for target
recognition, often used on its own for fast estimation of miRNA targets in prelimi-
nary studies [16, 22, 23]. Further research has revealed the presence of an extended
set of seed matches, which includes the offset 6mer site, that is a shifted 6mer at
positions 3-8 of the miRNA, and 3’ supplementary and compensatory sites (see
Fig. 12.1b) [2].

In particular, 3’-supplementary sites are an extension of the 6mer, 7mer-Al,
Tmer-m8, and 8mer sites where the additional pairing of at least 3 nucleotides, usu-
ally starting at positions 13 of the miRNA, is observed. In 3’-compensatory sites,
instead, pairing of at least 4 nucleotides starting at miRNA nucleotides 12 or 13 can
compensate for a seed mismatch and thereby create a functional site.

Seed match type usually correlates with miRNA repression efficacy, according to
the following hierarchy: 8mer>7mer-m8>7mer-Al>6mer [24]. Several studies
have shown that mRNAs, especially their 3’ UTRs (UnTranslated Regions), are
particularly enriched with miRNA-seed matching sites highly conserved across
evolution [16, 17].

The seed match feature has been accepted as a rule and is implemented by the
majority of target prediction tools [25]. As a consequence, binding sites exhibiting
a perfect match to an miRNA seed are more likely to be predicted and validated.
This, in turn, leads to a positive reinforcement of the dominance of the seed site, as
the datasets of experimentally validated targets contribute to refine target prediction
methods [26]. Nevertheless, the presence of a seed match for an miRNA does not
necessarily imply a true binding site. A recent work on artificial miRNA has shown
that miRNAs which were specifically designed to have one or multiple perfect seed
matches to their targets had no repression activity whatsoever, even in the presence
of 3’ compensatory sites [27].

Thus, the seed match is not a sufficient indicator of a functional binding site and
it can even lead to false negatives as there is evidence of functional sites that don’t
exhibit perfect complementarity to the miRNA seed. Indeed, recent studies have
proven alternative models of miRNA—target interaction. Shin et al. identified a class
of miRINA target sites that lack both perfect seed pairing and 3’-compensatory pair-
ing and instead have at least 11 nt of contiguous WC base pairing to the center
region of the miRNA at either position 4—14 or 5-15, without substantial pairing to
either the 5’ or the 3’ ends of the miRNA (Fig. 12.1b) [28].

Other studies based on Cross-Linking Immunoprecipitation (CLIP) methods
such as HITS-CLIP (High-throughput sequencing of RNA isolated by cross-link-
ing immunoprecipitation) and PAR-CLIP (Photoactivatable-Ribonucleoside-
Enhanced Crosslinking Immunoprecipitation) showed other types of noncanonical
interactions involving seed mismatches and bulges in the seed region [29-32].
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Evidence suggests a functional role in the occurrence of bulged seed sites,! which
feature an extra G in the mRNA between positions five and six of the miRNA (the
“pivot” pairing rule) (Fig. 12.1b) [29]. A work by Helwak et al., based on a variant
of the CLIP method called CLASH (cross-linking, ligation, and sequencing of
hybrids), revealed five classes of interactions with distinct base-pairing patterns
[33]. Three of these classes featured canonical seed binding with or without the
presence of supplementary base pairing involving the middle or the 3’ end of the
miRNA. The other two classes showed binding limited to a region located in the
middle and 3’ end of the miRNA, or distributed and even less stable base pairing.
Moreover, despite the abundance of literature supporting preferential binding to the
3" UTR, around 60 % of binding sites were detected in the coding sequence (CDS).

Most tools for miRNA target prediction implement the canonical seed match rule
and only a few of them, such as miRanda/mirSVR, MIRZA, and mirMark, are spe-
cifically designed to include noncanonical matches [34—38]. However, many tools
allow users to relax the constraints on the matches, thus enabling the identification
of noncanonical binding sites (see Table 12.1).

In light of what has been discussed so far, sequence complementarity is not suf-
ficient to correctly determine miRNA binding sites and therefore other features
must be taken into account.

Conservation of the Binding Site

Many miRNAs are evolutionary conserved, that is, their sequence is maintained
across species, and can therefore be classified into families. In particular, mature
sequences are often fully conserved, while pre-miRNAs may exhibit a variable
degree of conservation. Not surprisingly, the most conserved region of a mature
miRNA is the seed sequence [16, 17]. This is a significant feature in the prediction
of miRNA targets, as conserved miRNA sequences often imply conserved targets.
Many prediction tools employ multiple sequence alignments of 3'UTRs from sev-
eral species to identify conserved sites for miRNA seeds. This feature can be used
in combination with other features to better identify a functional binding site, as in
mirSVR or miRMark, or it can be employed as a filtering criterion, as in TargetScan
[16, 17, 20]. The latter searches for the presence of 8mer and 7mer sites with various
degrees of conservation (broadly conserved across most vertebrates, conserved
across mammals or poorly conserved) and then ranks them based on other sequence
features which are described in the next section, such as the AU content of the bind-
ing area and its position in the 3'UTR. Sites with mismatches in the seed region that
are compensated by conserved 3’ pairing are also predicted.

Although conservation can significantly reduce the number of false positives, it
is of no use in predicting nonconserved sites or sites for species-specific miRNAs.
Moreover, conservation is an indicator of the functional relevance of miRNA

"Bulges are unpaired stretches of nucleotides located within one strand of a nucleic acid duplex.
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binding sites and, as such, it represents an indirect way to detect them. However, it
does not reflect what happens inside a cell, as the molecular machinery has no
knowledge of the evolutionary conservation of a given site. Evidence shows that a
site can be functional no matter whether it is conserved or not [39]. Therefore, the
use of conservation should be limited to specific applications and, preferably, in
combination with other features.

Binding Site Location and Sequence Context

As already discussed previously, a large amount of evidence suggests that miRNA
binding sites are preferentially located in the 3'UTR of target genes, thus many
tools are specifically designed to detect this kind of sites. It has been demonstrated
that the presence of multiple binding sites for the same miRNA or for co-expressed
miRNAs in 3'UTRs can strongly enhance the degree of repression. This is one of
the key features of the PicTar algorithm, which implements a probabilistic model in
which miRNAs compete with each other for binding, taking into account synergis-
tic effects of multiple binding sites of one miRNA or several miRNAs acting
together [23, 40]. Later works characterized the optimal distance between binding
sites for cooperativity and showed that functional sites are preferentially located
within a locally AU-rich context, near both ends of the 3'UTR, but not too close to
the stop codon [24]. These features were first implemented in TargetScan but were
later refined and extended by several other tools based on machine learning
approaches such as mirSVR, mirMark, and MBSTAR [36, 38, 41]. In particular, the
authors of mirMark were able to identify several discriminant site-level and UTR-
level features including matches, mismatches, and bulges at specific positions of the
miRNA sequence, the total number of AU matches in the binding sites, and the
distance of the binding site from the beginning of the UTR. MBSTAR, instead,
considers the number and size of bulges as well as specific nucleotide motifs flank-
ing the binding site as relevant features of functional interactions.

As previously mentioned, recent works based on immunoprecipitation have
revealed a significant presence of miRNA binding sites outside of the 3'UTR, in
particular within the CDS. Some tools allow users to provide their own target and/
or miRNA sequences, thus enabling prediction of binding sites in arbitrary regions,
such as the 5 UTR and the CDS (see Table 12.2). However, DIANA microT-CDS,
PACCMIT-CDS, and MinoTar were specifically designed to predict binding sites in
the CDS [42-44]. Specifically, PACCMIT-CDS and MinoTar find candidate binding
sites within the CDS by searching for conserved motifs complementary to the
miRNA sequence. This represents a challenge because of the strong selective pres-
sure aimed at preserving the amino acid sequence and codon usage. Both methods
rely on background models which account for and remove bias introduced by con-
servation at the protein level in order to identify motifs overrepresented specifically
due to miRNA function. DIANA microT-CDS, instead, is based on a machine
learning approach applied to CLIP data to identify the most relevant features associ-
ated with miRNA binding to the CDS, 3'UTR, or both.
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Thermodynamic Stability and Structural Accessibility

Unlike conservation, thermodynamic properties of miRNA—target duplexes can be
used to explain and model the mechanisms underlying target recognition and stable
binding. Most target prediction tools use minimum free energy (MFE) as a measure
of the stability of the candidate miRNA—target duplex. Lower energy values indi-
cate stronger binding, and therefore more plausible predictions. Tools such as
miRanda, PicTar, and TargetScan make use of RNA folding prediction software,
such as Vienna RNA Fold, to estimate free energy of predicted miRNA—target
duplexes and filter out candidates above a certain threshold [45]. RNAHybrid,
instead, is based on a more sophisticated approach which identifies the energetically
most favorable hybridizations of a small RNA to a large RNA [46]. The hybridiza-
tion MFE of the miRNA and its candidate target is computed by dynamic program-
ming. Canonical interactions can be predicted by forcing a perfect match of the
seed. Intramolecular hybridizations, that is, base pairings between target nucleo-
tides or between miRNA nucleotides, are not considered.

In reality, mRNA molecules can fold into highly elaborated secondary and ter-
tiary structures, and a perfect sequence match for an miRNA might not be structur-
ally accessible for binding. The amount of AU nucleotides flanking the binding sites
can be used as a proxy to estimate the structural accessibility of the site, as a higher
content of AU may be associated with weaker mRNA secondary structure and thus
increased accessibility. Several tools attempt to provide more robust and accurate
models to evaluate the structural accessibility of miRNA binding sites. miRiam uses
a model based on local base pairing probabilities, as computed by the software
RNAplfold to identify mRNA regions with a higher probability of being accessible
for binding [47, 48]. STarMir primarily relies on the secondary structure of the tar-
get as predicted by the tool Sfold [49]. The miRNA—target interaction is modelled
as a two-step hybridization reaction: the nucleation at a small accessible site (4 nt
long) and the hybrid elongation to disrupt local target secondary structure and form
the complete duplex. PITA is based on a slightly different model, which computes
the difference between the free energy gained from the formation of the miRNA-
mRNA duplex and the energetic cost of unpairing the target to make it accessible to
the miRNA [50].

The tool miRmap combines structural accessibility with sequence context fea-
tures from TargetScan and other probabilistic and conservation features, such as the
probability of motif overrepresentation in the 3'UTR and the probability that part of
a sequence is under negative selection [51]. The algorithm is based on a multiple
linear regression approach, which ranks target site accessibility as the most predic-
tive feature.

A recent work showed that tertiary structure-based modeling of miRNA interac-
tions can reveal structural mechanisms not accessible with current secondary
structure-based methods and suggested that the integration of secondary and tertiary
structure-based methods can help achieve greater accuracy in miRNA—target pre-
diction [52].
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Such models reveal the importance of including structural constraints in the
prediction of miRNA-—target interactions and, in some cases, successfully explain
variability in target repression due to differences in accessibility. However, despite
the recent progress, the prediction of secondary and tertiary structure of long mRNA
molecules still represents a significant challenge. Furthermore, miRNA-target
interactions occur in a dynamic, complex environment in which multiple RNA mol-
ecules interact with one another and with proteins; thus, current models are likely to
only partially describe the targeting mechanisms and the reactions that take place
inside a cell.

The Use of Expression Data

It is commonly accepted that miRNAs can exert their function by either inhibiting
the translation of target transcripts or by promoting their degradation. Despite the
plausibility of both mechanisms, neither can fully explain the experimental evi-
dence accumulated so far [26]. Two recent articles, based on fish and fly models,
described miRNA targeting as a two-step mechanism involving translational repres-
sion followed by mRNA decay [53, 54]. According to this model, mRNA transla-
tion and degradation are so intimately connected that modulating one can
dramatically affect the other.

Although the mechanisms of miRNA action may not appear to be fully relevant
for target prediction, changes in the expression of mRNA transcripts and proteins
can help discriminate between true and false targets. mirSVR was trained on a data-
set of microarray experiments measuring changes in the transcriptome following
over-expression of specific miRNAs. Downregulated genes exhibiting a single
potential binding site for the transfected miRNA were considered true targets. In
general, negative correlation of miRNA and mRNA expression across multiple sam-
ples can be an indicator of miRNA targeting and can be used to filter predictions
made by any computational methods. The main drawback of this approach is that it
is difficult to discriminate between direct and indirect targets. Anticorrelation of the
expression of an miRNA—gene pair doesn’t necessarily imply that the gene is a
direct target of the miRNA, even in the presence of potential binding sites. In fact,
the observed anticorrelation might be the effect of a chain of events which does not
involve any direct interaction between the miRNA and the candidate target.
Nevertheless, expression data can be a particularly helpful resource for refining
target prediction in specific cellular context.

For example, GenMiR++ employed a Bayesian approach to generate high-
confidence target predictions supported by RNA expression across 88 tissues and
cell types, sequence complementarity and comparative genomics [55].

HOCTAR, instead, used expression data to predict targets of intronic miRNAs>
considering the expression of the host gene as a proxy for the expression of the miRNA

’miRNAs encoded within the introns of coding genes.
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itself [56]. Targets for intronic miRNAs were first predicted with existing tools, such
as miRanda, TargetScan, and PicTar. Then, predicted targets whose expression was
anticorrelated with the expression of miRNA host genes were selected through an
expression correlation analysis performed by using the tool g:Sorter.

A more recent work called TaLasso proposed the use of LASSO regression with
nonpositive constraints to integrate sequence-based prediction with miRNA and
gene expression measurement [57]. Results obtained on two public datasets that
have paired expression levels of human miRNAs and mRNAs showed that the top
ranking interactions recovered by TaLasso were especially enriched in experimen-
tally validated targets and functionally meaningful.

Similarly, the CoSMic algorithm combines sequence-based prediction, from
tools such as PITA, TargetScan or miRanda, with miRNA and mRNA expression
data. Spearman correlation is used to identify anticorrelated miRNA-target pairs
and combined with the prediction scores in order to generate the optimal set of
miRNA targets [58].

Inferring Targets from CLIP Data

Immunoprecipitation techniques, such as HITS-CLIP, PAR-CLIP, and CLASH,
allow the analysis of protein—RNA interactions. These techniques can be used to
isolate RNA bound by the Argonaute protein 2 (Ago2), which is an essential cata-
lytic component of the RISC, and determine AGO-miRNA and AGO-mRNA inter-
actions. These datasets are then combined and analyzed by computational methods
in order to predict interaction sites between miRNA and target mRNA. As already
mentioned in section “Seed Match,” CLIP methods have allowed the identification
of canonical and noncanonical binding sites in 5' UTR, CDS, and 3’ UTR of target
mRNAs.

Several tools have been developed to analyze CLIP data and predict targets for
miRNA. mirWIP was designed to infer miRNA binding sites in Caenorhabditis
elegans based on the immunoprecipitation of the RISC components AIN-1 and
AIN-2 [59]. An initial set of miRNA binding sites was generated by RNAhybrid and
then filtered on the basis of minimal free energy, phylogenetic conservation, and
seed pairing configuration. This dataset was analyzed for features enriched in the 3’
UTR sequences of AIN-IP transcripts. These features were then used to score
individual predicted binding sites, and the scores were combined into total miRNA
family scores as well as a total target score for each transcript.

Another tool, called MIRZA, was based on a biophysical model of miRNA-tar-
get interaction with energy parameters inferred from AGO2 CLIP data [37]. These
parameters were position specific and were calculated by maximizing the binding
probabilities of miRNAs with the mRNA fragments observed in an AGO2-CLIP
sample. MIRZA is able to predict both canonical and noncanonical binding sites.

The most recent versions of DIANA microT and STarmiR are both based on
machine learning methods trained on CLIP datasets [42, 60]. In particular, DIANA
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microT-CDS makes use of generalized linear models, while STarmiR is based on
logistic prediction models.

miRTarCLIP is a system for mining miRNA-target sites from user provided
CLIP-Seq and PAR-CLIP sequencing data [61]. It includes a module for pre-
processing of RNA-Seq raw data, which automatically removes adaptor sequences
and filters low quality reads. The reads are then aligned to 3’ UTR and annotated
with validated miRNA binding sites from miRTarBase [62] and predicted sites from
TargetScan.

Several databases combining miRNA target predictions and CLIP data are also
available online. doRiNA integrates miRNA and RNA Binding Proteins (RBP)
from different species (human, mouse, and worm) into one framework [63]. Users
are required to select a species, a genome assembly, a target region (e.g., any, CDS,
5'UTR, 3’UTR, intron, intergenic), a data source (e.g., HITS-CLIP, PAR-CLIP,
TargetScan/PicTar predictions etc.), and a set of specific regulators from the selected
data source (e.g., hsa-let-7a|CLASH, AGO2 PAR-CLIP). A combinatorial search
allows users to perform two different queries and filter the results based on their
union (sites present in either sets), intersection (sites present in both sets), difference
(sites present in one set but not in the other), and exclusive disjunction (sites present
in either sets but not in both).

StarBase is a web resource which provides users with RNA-RNA and protein—
RNA interaction networks inferred from 108 different CLIP datasets [64, 65].
Predictions of miRNA-mRNA interactions supported by CLIP data are available,
as well as CLIP supported interactions of miRNAs with other types of ncRNA
molecules, such as IncRNA (long noncoding RNA), circRNA (circular RNA),
pseudogenes, and sncRNA (small noncoding RNA, including snoRNA, rRNA,
etc.). More general CLIP-based data is also available, including binding sites for
several RBPs on mRNA, IncRNA, pseudogene, and sncRNA. Other features
implemented in StarBase include cancer-related analysis, functional analysis of
miRNA, and the prediction of competing endogenous RNA (ceRNA) for a given
mRNA? [66-68]. StarBase contains ceRNA pairs and regulatory ceRNA networks
predicted by overlapping potential microRNA targets, calculated by miRanda/
mirSVR, with CLIP data.

Databases of Validated Targets and Consensus Tools

Several resources are available online to assist users in the selection of miRNA tar-
gets, including manually curated databases of experimentally validated targets (see
Table 12.3). miRTarBase contains over 50,000 miRNA—target interactions from 18
species, collected by manually surveying miRNA literature retrieved through text
mining [62]. For each miRNA—target pair, information on the validation methods is

3ceRNA are coding or noncoding transcripts that regulate other transcripts by competing for
shared miRNAs.



12 Computational Prediction of microRNA Targets 245

Table 12.3 Availability and user features for target databases and consensus prediction tools

Tool Species | Type Download |Lastupd |URL Ref
DIANA multiple | Validated Regist only |2014 DIANA .imis. [69]
TarBase athena-innovation.gr/

DIANATools/index.
php?r=tarbase/index

miRDip h Consensus | Regist only dorina.mdc-berlin.de | [71]
pred
miRecords multiple | Validated . 2013 mirecords.biolead.org | [70]
+consensus
miRTarBase | multiple | Validated . 2013 mirtarbase.mbc.nctu. [62]
edu.tw

Species: species considered (h=human, multiple=any species or more than two species). Type:
validated targets and/or consensus predictions. Download: predictions are downloadable—Regist
only indicates that only registered users can download the data. The symbol « indicates that the tool
implements the corresponding feature

provided and classified as strong and less strong evidence. Strong evidence consists
of Reporter Assay, Western Blot, and qPCR, while less strong evidence includes
microarray, NGS, pSILAC, and other high-throughput techniques. The tool pro-
vides detailed information on the binding sites, which is either retrieved from the
literature, if available, or predicted by miRanda. Other relevant data provided by the
tool includes miRNA-target expression profiles retrieved from experiments depos-
ited in GEO and miRNA target interaction networks.

DIANA-TarBase is another database of experimentally validated targets
[69]. The latest release contains more than half a million miRNA—gene interac-
tions curated from published experiments in 356 different cell types from 24
species. For each miRNA-target pair basic information on the validation
method, validation type (direct, indirect, or unknown), tissue, and experimental
conditions are given.

Another resource which provides users with experimentally validated targets is
miRecords [70]. The latest release contains over 2500 interactions from 9 species.
Like miRTarBase and TarBase, miRecords contains information on the validation
methods and binding data from the original articles.

All three databases described above can be consulted online and downloaded as
a flat file. In addition to validated targets, miRecords integrates predictions from 11
different tools. This is a powerful feature that allows users to obtain consensus pre-
dictions from multiple sources. In a similar way, the tool mirDIP integrates 12
miRNA prediction datasets from six miRNA prediction tools, allowing users to cus-
tomize their searches based on targeting features such as conservation and structural
accessibility [71].

Finally, tools such as miRo’, miRGator, and miRWalk make use of consensus
prediction to infer potential miRNA association with disease, processes, functions,
and pathways [72—74] (see Chap. 21 of volume “microRNA and Medical Evidence”
for more details on miRNA expression profiling).


http://diana.imis.athena-innovation.gr/DIANATools/index.php?r<2009>=<2009>tarbase/index
http://diana.imis.athena-innovation.gr/DIANATools/index.php?r<2009>=<2009>tarbase/index
http://diana.imis.athena-innovation.gr/DIANATools/index.php?r<2009>=<2009>tarbase/index
http://diana.imis.athena-innovation.gr/DIANATools/index.php?r<2009>=<2009>tarbase/index
http://dorina.mdc-berlin.de/
http://mirecords.biolead.org/
http://mirtarbase.mbc.nctu.edu.tw/
http://mirtarbase.mbc.nctu.edu.tw/
http://dx.doi.org/10.1007/978-3-319-22380-3_21
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The Choice of the Appropriate Tool(s)

Target prediction is a fundamental step in miRNA research. A single miRNA can
regulate multiple coding and noncoding transcripts which in turn can be regulated
by multiple miRNAs, implementing dynamic and extremely intricate regulatory
networks that affect a multitude of biological processes. The disruption of such
networks can dramatically alter the phenotype and contribute to disease pathogen-
esis. Increasingly powerful and sophisticated computational tools are available
today for functional analysis of miRNA regulation at different levels and in differ-
ent contexts. They allow to associate miRNAs with specific phenotypes based on a
variety of data such as genomic context, sequence variation, and differential expres-
sion of miRNAs and their targets. The correct identification of miRNA targets is
therefore crucial for the generation of biologically meaningful hypotheses.

Despite the progress made in the past decade, the molecular mechanisms under-
lying miRNA-mediated regulation are not yet fully understood, and consequently
finding true functional miRNA targets still represent a challenge. A plethora of
prediction algorithms are publicly available online, and choosing one can be a
really difficult task. All tools implement different (or sometimes just slightly dif-
ferent) computational models based on different combinations of the same target-
ing features, so the sets of predicted targets may present significant overlaps.
Consensus of multiple tools can increase confidence in a prediction. However, if
the tools considered are all based on evolutionary conservation, the consensus
might be due to a redundant prediction based purely on a single feature. Conversely,
an interaction supported by tools based on different features may have higher
chances of being true.

Several factors should be taken into account when investigating miRNAs and
their targets. First of all, as obvious as it may sound, it is essential to consider the
biological system of interest and the data available. Many miRNAs and genes are
tissue specific, thus a potentially strong interaction may occur in specific cellular
contexts or conditions only (e.g., disease vs. normal tissue) [75]. Expression profiles
of miRNA and mRNA or CLIP data can help narrow down the search space and
focus on the relevant molecules (e.g., differentially expressed miRNAs and genes),
and can be used to select interesting miRNAs and/or genes to study or to filter pre-
dictions. Tools which make use of expression and CLIP data can be useful in such
cases. However, whether expression data is available or not, it is always advisable
to consult multiple tools, and consensus databases make life easier in that regard. In
particular, one should consider tools that take into account different targeting fea-
tures and focus on the interactions with the highest support. This is a common
practice, especially in the exploratory phase of a project.

In other cases, one might focus on specific interactions and check if there is a
model that could explain them. For example, over-expression or knock out of a
specific miRNA might reveal a strong anticorrelated gene, which could then be
considered for further analysis. One or more predictors might confirm the targeting
or not find any signal of possible interaction. In addition, it may be useful to check
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for noncanonical interactions or for binding sites occurring in the 5’UTR or the
CDS of the potential target.

Other practical aspects, which are summarized in Table 12.2, may contribute to
the choice of prediction tools. Some tools are available through user-friendly web
interfaces, where users can browse predicted targets and binding sites and apply
appropriate filters based on different parameters. Prediction results are often down-
loadable as a flat file or Excel sheets. Other tools also allow users to input their own
miRNA and/or target sequences and perform the prediction in real time. This option
can be really useful when dealing with specific variants of miRNAs and genes
(e.g., mutated or edited). Most tools which offer this functionality can be downloaded
and used locally, and in some cases it is the only available option. The use of such tools
requires issuing commands from a terminal, which may discourage some users.

Finally, performances of the tools should also be taken into consideration. Each
algorithm was described in at least one published article and, in many cases, some
form of experimental validation of predicted interactions was reported. In other
cases, performances were assessed by probability tests and/or by the ability of the
tool to correctly identify a set of experimentally validated interactions. Comparisons
with other tools were often reported, but usually limited to the most popular or the
most similar ones in terms of features incorporated. The importance of the findings
and/or the number of original experimentally validated cases reported in the corre-
sponding publications are in most cases considered reasonable and reliable indica-
tors of the quality of a prediction tool and generally contribute to its popularity.
Unfortunately, a systematic and unbiased comparison of all available tools is rather
difficult and has not been done to date. However, a very recent review presented an
empirical evaluation of seven representative miRNA target predictors: PicTar,
TargetScan, DIANA microT-CDS, miRanda/mirSVR, EIMMo, mirTarget2, and
miRmap [76]. The tools were selected based on several criteria, such as the avail-
ability as a web server or a database or pre-computed predictions, the inclusion of
human and mouse miRNA, and the generation of a probability score. As the most
recent of the selected tools was published in 2012, the tests were performed using a
dataset of experimentally validated miRNA targets that were published after 2012.
This reduced the bias caused by the potential overlap between the test set and the
data used to develop the tools. Performances were assessed at the gene and the
duplex level* based on different measures, such as AUC (Area Under the ROC
curve), MCC (Matthews Correlation Coefficient), sensitivity, specificity, precision,
signal-to-noise ratio, and predicted-to-native functional target ratio. Although
TargetScan and miRmap showed high overall predictive quality, no tool was consis-
tently better than the others according to all the considered measures. This shows
the evident limitations of current approaches and the intrinsic difficulties in the
evaluation of their performances.

“The gene level test consisted in the prediction of interaction between mRNAs and a given
miRNA. The duplex level test consisted in the prediction of interaction between a given fragment
of mRNA and a given miRNA.
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Conclusion

Despite the advances made in recent years, miRNA target prediction still remains a
challenge. Understanding advantages and limitations of currently available methods
can help identify areas of further improvement. A few practical aspects should
always be taken into consideration in the development of miRNA target predictors,
regardless of the methods implemented. Tools should be accessible through user-
friendly interfaces and kept up to date with the latest miRNAs reported in miRBase.
They should work on both reference and novel miRNA/gene sequences and provide
users with detailed result reports. They should also have optimized default settings
and allow expert users to customize the search parameters.

More importantly, predictive quality needs to be dramatically improved. This
could be achieved not only by adequately combining current knowledge on target
recognition, but also by inferring new features from novel data generated by increas-
ingly accurate experimental techniques.

Lastly, unbiased benchmark datasets and standardized evaluation procedures are
much needed, in order to fill the gap that currently prevents proper assessment of
tools’ performances.
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