Chapter 2
MicroRNAs in Disease

Gregory Papagregoriou

The Study of MicroRNAs

Overview

MicroRNAs or miRNAs are a newly described class of short non-coding RNA
molecules with the distinctive role of fine-tuning the expression of mRNAs in the
living cells of all organisms [1]. Their targets are usually mRNA molecules that bear
specific miRNA recognition sites on their 3' UTRs, 5’ UTRs or coding regions;
miRNAs bind onto their target sites in a Watson—Crick base pairing manner and
eliminate mRNA translation (Fig. 2.1a) [2]. In humans, such post-transcriptional
regulation of gene expression cannot be overlooked as more than half of all genes
have evolutionary conserved miRNA target sites [3]. Consequently, miRNAs are
prime regulators of all kinds of physiological cellular processes; hence faulty
regulation of mRNA expression can lead to disease.

Target Prediction Algorithms

More than a handful of algorithms are available online and are elegantly designed
to deliver predictions for miRNA binding sites on the 3 UTR of protein-coding
mRNAs, or to predict target sites for any miRNA sequence. Their numbers keep
growing in order to serve the emerging demands of the scientific community for
customization and credibility of results. Search variables usually include the
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seed-region length and miRNA/mRNA species, while each algorithm allows for
further customization of search criteria depending on the prediction approach or
even a cutoff p-value in correspondence to the statistical processing followed in
each case. One must always have in mind the philosophy of predicting a miRNA
target site on the 3' UTR of an mRNA or elsewhere: a certain algorithm follows
precise and predetermined criteria to predict such sites, which some are based solely
on Watson—Crick complementarity between the miRNA and its target sites and
other encompass more complicated approaches such as a learning algorithm or free
energy values, therefore hits returned are destined to include false-positive results.
Consequently, not all prediction results are valid and there is always a need for
using a filtering approach in an effort to isolate the most useful and in a sense true
miRNA-mRNA pairs. Filtering strategies can revolve around a wide or a narrow
spectrum of criteria that are predominantly “making sense”’; hence, both the miRNA
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and its potential mRNA targets should be expressed in the same tissue for example,
or they are encountered in the same pathway or developmental stage. Moreover, all
algorithms are enforced with a powerful statistical evaluation of prediction results,
which in most cases can itself filter out correct pairs. In some studies, researchers
repeat prediction analyses using a number of available algorithms and align predic-
tion results to pick up only the pairs predicted by the most of them.

All algorithms predict target sites on 3 UTR mRNA sequences, while some of
them expand their predictions to include the gene’s coding sequence, its 5" UTR,
sequences located upstream the transcription start points and even on the mitochon-
drial genome [4, 5]. The miRWalk algorithm works by “walking” on the gene
sequence in a window of seven or more nucleotides and a miRNA is predicted to
target a specific mRNA based only on seed region complementarity [4]. TargetScan
on the other hand, is searching for the presence of conserved 8mer and 7mer sites
that match the seed region of each miRNA, while it “ranks” a predicted miRNA
target based on site length, type, context and accessibility [6]. The miRanda algo-
rithm considers the miRNA sequence as input and searches a sequence dataset for
potential target regions and successful predictions are made based on the alignment
score and the minimum free energy of the miRNA bound to the potential target
sequence [7]. The miRDB algorithm uses a completely different approach, as it is
based on an SVM algorithm which is trained by a wiki database, in which users are
able to input sequences of validated miRNA/mRNA couples [8], while the RNA22
algorithm uses a reverse approach as it first examines gene sequences for putative
miRNA binding sites and then identifies a miRNA that could target an identified 3’
UTR site [9]. Predictions can be easily made by visiting the appropriate web loca-
tion of each algorithm and placing a query about your miRNA or mRNA of choice.
Results will be returned instantly and will depict the target site, its length, and a
statistical score describing the likelihood this interaction is true based on the param-
eters on which each algorithm operates. The validity of prediction algorithms has
been the number of many studies, all indicating an increased rate of false-positive
results emerging from predictions, therefore a good bioinformatics analysis and fil-
tering of predicted targets should be then supported by functional experiments [10].

Validation of miRNA Targets

As prediction algorithms can be a starting point in miRNA target discovery, direct
interaction between a miRNA and an mRNA can only be valid when at least proven
in vitro. Luciferase reporter constructs have been widely used as a straight-forward
solution in studying direct binding of a miRNA on its target sequence. Albeit a
useful and reliable tool, luciferase reporter constructs can only serve in examin-
ing one particular miRNA-mRNA target site and can be laborious at times. Target
sites are introduced into the 3’-untranslated ending of the luciferase gene and
plasmids are transfected into cell lines together with miRNA mimics or inhibitors
(also called antagomirs). miRNA-analogous oligonucleotides are commercially
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available, relatively low in price and ready to use in cell cultures in various types;
“mimics” that share the same sequence as a mature miRNA, “inhibitors” that are
used to silence a specific miRNA, or “target site protectors” that prohibit miRNA
binding onto its target sequence. Commercially available mimics and inhibitors
are frequently chemically modified to LNAs (Locked Nucleic Acids) by the inser-
tion of a 2'0O-5'C Methyl-bridge, which helps the RNA oligonucleotide to keep an
open conformation and to be thermally more stable than conventional oligos. (The
reader is encouraged to see [11] and references within for a good presentation of
currently used techniques in miRNA research and their limitations).

A good miRNA-mRNA couple can significantly reduce luciferase expression
levels and in the same time a target site mutation, preferably at the nucleotides cor-
responding to the miRNA'’s seed region, can abolish miRNA binding ability and
therefore increase luciferase expression; this is a useful approach when investigat-
ing the effects of SNPs occurring at miRNA target sites.

As miRNAs are considered as post-transcriptional regulators, further investiga-
tion of their properties can include the determination of the protein levels of target
mRNAs. This can be achieved by performing protein assays, i.e. western blots,
amino acid stable isotope labelling or proteomics, after the overexpressing or
knocking-down miRNAs in vitro. It has been found that specific miRNAs can regu-
late a restricted number of proteins, while changes in protein levels can sometimes
be subtle [12]. Such effects are somehow expected, as protein levels are determined
by a number of factors including mRNA transcription rate or protein degradation.

Identifying miRNAs in Tissues, Bodily Fluids and Exosomes

Isolation of miRNA species can be achieved by using readily available kits in the
market developed by various companies. Specific applications require specific kits
usually depending on the starting material, for example isolation of an enriched
miRNA fraction from urine samples, serum or formalin-fixed paraffin-embedded
(FFPE) tissues can be performed using appropriate commercial kit protocols.
Alternatively, the TRIzol reagent can be used, although a biased loss of small RNAs
with low GC content when processing a small number of cells with TRIzol has been
reported [13]. Exosomes are small, 30—150 nm sized vesicles secreted by cells that
contain miRNAs among other molecules; the isolation of miRNAs from exosomes
can be achieved either by the use of Total exosome isolation reagents or by ultracen-
trifugation in sucrose gradients [14, 15]. Quantitation and quality assessment of
enriched miRNA fractions can be performed using a microfluidics-based platform
or an equivalent electrophoresis system, rather than a standard spectrophotometer
due to their small size and reduced abundance compared to total RNA.
MicroRNAs can be detected using a number of methods, such as northern blots,
real-time PCR or miRNA-specific probe hybridization. Although having limited
sensitivity, northern blots are widely used for the identification of specific miRNAs
and while their workflow is relatively simple, they require heavy optimization.
A sample is let to run on an electrophoresis gel, which is consequently transferred
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to a porous membrane and miRNA-specific probes are let to hybridize onto targets
while emitting fluorescence or radioactivity [16]. Relative quantification of cell-
extracted miRNAs can be easily performed by real-time quantitative PCR (qRT-
PCR). Following extraction, reverse transcription of miRNA species is performed in
a two-step procedure: miRNA molecules are extended (3’ end) and single strand
synthesis is completed with a universal primer [17, 18]. With the use of appropriate
primers, miRNA sequences are detected in qRT-PCR and can be quantified by being
compared to a number of small RNAs used as reference. Alternatively, reverse tran-
scription can be performed using a stem-loop approach and miRNAs can be accu-
rately detected via highly specific TagMan probes [19]. In samples originating from
exosomes or biofluids, quantitative analysis of miRNA expression can be difficult,
as there is usually a lack of a stably-expressed small RNA to be used as a reference.
For this purpose, a synthetic miRNA is usually spiked-in at a predetermined con-
centration to assist in downstream analyses [20-22].

In fresh or preserved tissue sections, miRNAs can be easily detected by in situ
hybridization (ISH), where labelled probes with complementary sequences to target
miRNAs are left to hybridize and reveal miRNA localization and differential expres-
sion [23]. Despite its wide use, ISH requires optimization and can sometimes be a
laborious process. Nevertheless, when the probe affinity for its target is high, ISH
can be used as a semiquantitative method of determining miRNA abundance in tis-
sues and single cells. High resolution analysis of miRNA expression at single-cell
level can be also performed by pairing fluorescent ISH with flow cytometry (flow-
FISH), a technique able to give additional useful information on mRNAs or proteins
of interest simultaneously [24, 25].

High-Throughput Methods in miRNA Research

The special nature of miRNA molecules makes their study a cumbersome matter;
miRNAs are quite small in size and, unlike mRNAs, they do not share any common
sequence features that ease their simultaneous isolation [26]. Tissue and cell miRNA
profiling or disease biomarker discovery can be performed with the use of high-
throughput methods such as commercially available microarray platforms or next-
generation sequencing (NGS) of isolated miRNA fractions [27, 28]. Both techniques
are considered acceptable, albeit approaching miRNA identification in a different
manner. Microarrays identify fluorescently labelled miRNA cDNAs as they hybrid-
ize in complementary glass-immobilized probes, while NGS detects miRNAs by
sequencing them; hence through NGS previously unidentified or novel miRNAs can
be identified, while miRNA chip microarrays work with a predetermined range of
miRNAs depending on the chip of choice. Differential expression of miRNAs on
the other hand can be efficiently performed by both techniques, while small-scale
study of specific miRNAs can be also performed using qRT-PCR [29]. Results are
quite simple to read after they are further validated with qRT-PCR: certain miRNAs
are expected to be either up- or down- regulated in a pathogenic tissue or cell type
compared to controls, thus giving a sense of a pattern to characterize a disease.
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Nevertheless, the elucidation of the exact biological meaning of any findings can at
times be problematical and unfortunately in studies available, further functional
investigation of findings is rarely performed.

Furthermore, microRNA targets can be also detected using high-throughput
methods. Integration of high-throughput sequencing methods and protein immuno-
precipitation, led to HITS-CLIP (High-throughput sequencing of RNA isolated
with crosslinking immunoprecipitation) a robust method established by Chi et al.
[10], which is exploited for the simultaneous isolation of miRNA-mRNA couples.

Antibodies raised against AGO are used for the immunoprecipitation of RNA-
binding protein complexes from 254 nm UV-crosslinked samples, and at the same
time the mRNAs bound on the miRNAs which these complexes accompany. An
improved version of HITS-CLIP was developed by Hafner et al. [30] in an attempt
to overcome technical limitations emerging from inefficient UV-crosslinking,
named as Photoactivatable-Ribonucleoside-Enhanced Crosslinking and Immuno-
precipitation (PAR-CLIP). In PAR-CLIP, cells are treated prior to crosslinking with
4-thiuridine, which is incorporated into targeted mRNAs to facilitate the precise
binding position of the riboprotein complex by detecting thymidine to cytidine tran-
sitions. By PAR-CLIP, crosslinking efficiency was severely enhanced by irradiating
cells with UV light and RNA recovery was dramatically improved. Moreover,
Cross-linking ligation and sequencing of hybrids, or CLASH is a recently devel-
oped technique used to map miRNA—-mRNA interactions by NGS [31]. In CLASH,
cells that keep a stable expression a tagged AGOI protein (PTG-AGO) are UV
irradiated and lysed. PTH-AGO is then purified and samples are treated with
RNAses that trim RNA-RNA duplexes, which are in turn ligated together and form
chimeric miIRNA-mRNA molecules that are eventually sequenced with NGS.

MicroRNAs Triggering Diseases

miRNA-Related Mutations as the Primary Cause of a Disease

A miRSNP (Fig. 2.1) can either be a single nucleotide change affecting the target
region of a miRNA or its sequence at maturity. Such SNPs can effectively eliminate
or weaken the binding of a miRNA to its target mRNA 3’ UTR (Fig. 2.1b) site and/
or create a new binding site for a different miRNA (Fig. 2.1c); thus miRNAs can be
considered as both primary or secondary players in disease development. In both
cases, the protein levels of a targeted mRNA can be altered; at times, such changes
can be phenotypically evident. Mutations in genes coding for miRNAs are consid-
ered as being quite rare; up to date only a small number of publications report such
mutations that run in families in a Mendelian manner. Following the one-to-many
mode of action, miRNAs with mutated seed regions lose the ability to target the
range of mRNAs they usually aim at but inevitably gain novel targets. In some
cases, mutations in the seed or other vital miRNA gene regions affect the abundance
of the mature miRNA.
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The frequency of SNPs in miRNA genes was thoroughly investigated by Gong
et al. in 2011, who gathered all known SNPs from dbSNP v.132 that fell into such
sequences. Notably, only 757 polymorphisms (SNPs and indels) out of 30 million
in total were found to be located in 440 pre-miRNA regions, with 50 of them to be
positioned in the seed regions of 41 miRNAs [32]. Such small numbers imply that
there is a great possibility of a seed region sequence change to be a disease causing
mutation rather than have no effect. Moreover, Gong et al. report that evolutionary
conserved miRNAs and clustered miRNA genes tend to have less SNPs, a fact that
can be attributed to the functional importance of certain miRNAs. The potential
role for each SNP was calculated and recorded in the miRNASNP database
(www.bioguo.org/miRNASNP).

The first work reporting seed region mutations was by Mencia et al., who identi-
fied two variants in miR-96, at positions 4 (+13G>A) and 5 (+14C>A) of its seed
region, in a Spanish family with autosomal dominant non-syndromic hearing loss
(ADNSHL) [33]. These mutations are responsible for the defected action of miR-
96, as it fails to target and regulate five genes expressed in the inner ear; AQP5,
CELSR2, MYRIP, ODF2 and RYK. MiR-96 is expressed together with miR-182 and
miR-183 as a multicistronic transcript in the mouse retina as well as in the inner ear.
However, miR-96 seed region mutation carriers did not have an ocular phenotype,
hence miR-96 is thought to target genes expressed in the ear rather than in the retina.
In a different study, 882 ADNSHL patients from Italy were screened for miR-96
seed region mutations [34]. Interestingly, a novel mutation that segregated with the
disease in one family was successfully identified, but was located outside the mature
miRNA sequence. Being part of the pre-miRNA hairpin sequence, this mutation
was found to effectively alter both mature miR-96 and miR-96* passenger miRNA
biogenesis. Furthermore, Dorn et al. in 2012 described a similar mutation at the 3’
end (ul7c) of miR-499 sequence that fell outside its seed region [35]. This mutation
was identified while investigating a cohort of 2.606 individuals in search of genetic
factors contributing in cardiomyopathy. By using luciferase reporter constructs and
a mouse model, the authors identified a series of mRNAs that escaped miR-499
regulation possibly due to the c17 mutation.

Mutations in the miR-184 seed region have also been reported. MiR-184 was
found to be abundantly expressed in the corneal and lens epithelia [36]. A single
mutation at the fourth seed region nucleotide (c.57 C>U) of miR-184 was found to
be associated with autosomal dominant familial keratoconus with early-onset ante-
rior polar cataract in a Northern Irish family [37]. This mutation was identified after
deep sequencing of a genomic locus indicated by linkage analysis in three genera-
tions of the family. The same mutation was also identified in a Spanish family with
early onset cataract paired with various ocular abnormalities, while it has also been
found in patients with EDICT syndrome (endothelial dystrophy, iris hypoplasia,
congenital cataract and stromal thinning) [38, 39]. A different study identified two
other mutations (+8C>A and +3A>G) in miR-184 in patients with isolated
keratoconus that significantly repressed the expression of miR-184 [40].
Nevertheless, the exact mechanism explaining the pathogenesis of miR-184 seed
region mutations remains elusive.
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Mutations in miRNA Genes or Target Sites Contributing
to Disease

Currently, there has been great interest in the discovery and functional characteriza-
tion of miRSNPs located both on miRNA genes and miRNA target sites, as being
contributors to a pathological phenotype. Such polymorphisms can act as pheno-
type modifiers by improving or exacerbating disease manifestation, or contributing
to the risk of developing primary or secondary clinical states. Validated and pre-
dicted miRSNPs in human and mouse genes are recorded into four databases,
Patrocles, dbSMR, PolymiRTS and MiRSNP [41-44]. Published data implicate
miRSNPs in diseases in more ways than one; they can have a significant contribu-
tion to the pathogenesis of a disease, they can modify well characterized phenotypes
of patients bearing a single mutation in a specific gene, they can regulate drug
responses, or they can have no effect at all. Whatever the case may be, miRSNPs
cannot be overlooked by modern geneticists. The role of miRSNPs will be analyzed
below using some good examples from the current bibliography.

In diseases with monogenic inheritance, miRSNPs can have a significant effect.
Evidence for such mechanism was shown for miR-24 when a point mutation that
altered its binding to SLITRKI gene was identified in patients with Tourette syn-
drome [45]. Similarly, point mutations on REEPI which is a candidate gene for
hereditary spastic paraplegia were found on the binding sites of two miRNAs (miR-
140 and miR-691) [46, 47].

The role of miRSNPs as phenotype modifiers was demonstrated in CFHRS
nephropathy, where all patients found as far share an identical duplication of exons
2 and 3 in the CFHR5 gene [48]. Although related, certain patients are clinically
distinguishable with a portion of them rapidly progressing to mid-life end-stage
renal failure requiring renal transplantation, and the rest having only some episodes
of microscopic or macroscopic hematuria but with uncompromised renal function
[49]. During the progression of the disease a genetic trigger channels the clinical
fate of each patient towards a certain direction. The SNP rs13385 located on the 3’
UTR of the HBEGF gene and the target region of miR-1207-5p was reported to be
associated with the severity of CFHRS nephropathy in these patients, as the T-allele
can eliminate the miRNA binding onto its target sequence [50].

Complex genetic traits are often the result of a joint action among a number of
genetic and environmental factors that construct phenotypes, which are usually
highly variable among patients. Impressively, a number of examples are available
demonstrating the implication of the same common miRSNP in a number of differ-
ent multifactorial phenotypes. For example, a miRSNP spotted on the miR-146a
precursor (152910164 G>C) has been recently associated with susceptibility to lep-
rosy [51]. When macrophage-like THP-1 cells were infected with live or irradiated
strains of Mycobacterium leprae, live bacteria induced the expression of miR-
146a, thus suggesting a pivotal role for this miRNA in disease progression.
Consequently, C-allele carriers demonstrated a higher expression of miR-146a in
nerves compared to patients with non-leprous neuropathies and this result was
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directly correlated with low levels of TNF recorded as a failure of the immune
system to be effectively regulated. Impressively, the same SNP was also found to
be associated with other multifactorial phenotypes, such as ischemic stroke,
colorectal cancer survival [52], control of cell apoptosis, migration and growth in
non-small cell lung cancer cells [53], or Hirschprung disease by eliminating
ROBOI1 expression levels [54]. A different common SNP (rs11614913-C>T) on
miR-162a2, was found to be related with increased susceptibility to esophageal
squamous cell carcinomas [55], to the development of cardiovascular disease in
patients with type 2 diabetes [56], but not Parkinson’s disease [57]. Both SNPs on
miR-146a and miR-162a2 are considered to be common polymorphisms, with
Minor Allele Frequencies (MAF) 0.38 and 0.39 respectively, and together with
1571428439 (A/G, MAF 0.15) on miR-149, rs3746444 (A/G, MAF 0.18) on miR-
499, rs895819 (T/C, MAF 0.36) on miR-27a stem loop, rs4938723 (T/C, MAF
0.31) on the Pri-miR-34b/c promoter form a team of miRSNPs that have been
weakly or strongly associated with all kinds of diseases. However, only a small
number of published works extend their findings in characterizing a functional
relationship between the miRSNPs and relevant target genes to bridge gaps between
genotypes and clinical phenotypes.

In a large number of publications, the role of miRSNPs in cancer susceptibility
has been thoroughly evaluated [58]. Unfortunately, the functional characterization
of such polymorphisms, as well as their comprehensive association to specific clini-
cal features, is not the norm in most of them. Nevertheless, miRSNPs are proven to
have an emerging role in cancer prognosis. A polymorphism on the 3’ UTR of
IGF-IR gene limited the binding of miR-515-5p and increased the risk of develop-
ing breast cancer in subjects with BRCAI mutation [59]. In addition, increased sus-
ceptibility to breast cancer was attributed to two more SNPs identified on TGFBI
and XRCCI which alter their expression levels as the target site of miR-187 and
miR-183 is respectively interrupted [60]. In a Chinese lung cancer cohort, a SNP on
the 3’ UTR of CD133 was found to be significantly associated with a decreased risk
in developing the disease, evidently by enhancing the binding of miR-135a/b to
reduce CD133 levels [61].

Non-canonical miRNA Targeting Properties in Disease

As previously mentioned, miRNAs recognize and bind target sequences on the 3’
UTR of mRNAs waiting to be translated. In some rare cases, miRNAs were found
to target mRNAs in other regions as well: the coding sequence and the 5" UTR. Non-
canonical miRNA targeting has been established by CLASH experiments, with
60 % of miRNAs to bind onto mRNAs with an irregular manner; mismatched
nucleotides in the seed region, non-seed targeting and some of them binding to 5’
UTRs [31]. In addition, miRNAs were found to have similar efficiently in binding
onto 3’ UTRs as they have when targeting 5’ UTRs in vitro to regulate the expres-
sion of mRNAs [62]. In some instances, miRNAs acting on the 5" UTR of target
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mRNAs induce rather than repress their translation [63, 64]. Contrastingly, coding
sequence targets are thought to be recognized by miRNAs less effectively compared
to 3" UTR target sites [65].

Akhtar et al. [66] presented evidence using luciferase reporter constructs that
miR-602 and miR-608 target the sonic hedgehog (SHH) mRNA not on its 3 UTR
but on predicted target sites of the coding region. In osteoarthritis, SHH expression
levels are elevated and eventually promote cartilage degradation. A potential mech-
anism explaining SHH upregulation involves the induction of SHH expression indi-
rectly by IL-1f, through the direct suppression on the expression of miR-602 and
miR-608 that repress SHH expression levels. In another study, the p53 inactivator
MDM4 was found to have a miR-34a target site on its last 11th exon [67]. Moreover,
a previously reported polymorphism rs79824231 located on this target site appeared
to have the ability to disrupt miR-34a binding.

Functional miRNA target sites on the 5" UTR are rarely found. Recently, miR-
103a-3p was found to target and suppress the cancer related gene GPRC5A through
two target sites on the gene’s 5' UTR in pancreatic cells [68]. Kim et al. [69] dem-
onstrated a relationship between miR-34 family members, induced by p53, and the
Axin2 mRNA in colorectal cancer. Axin2 bears functional miR-34 target sites in
both 5" and 3’ UTRs that presumably act as “sponges” to negatively modulate miR-
34 levels in cancer cells, which present elevated Axin2 and low miR-34 levels.
Furthermore, a good example of non-canonical 5 UTR miRNA binding is the abil-
ity of miR-122, a liver specific miRNA, to bind onto two 5 UTR target sites of the
Hepeatitis C virus (HCV) genome and protects the UTR from host nucleolytic deg-
radation to eventually promote its autonomous replication [70].

Emerging Pharmacogenomics Due to miRNA-Linked
Genetic Variation

As expected, genomic variation related to miRNAs has also been implicated in
patient response to administrated pharmaceutical therapy. In addition, certain drugs
were found to formulate unique responses by interfering with miRNA expression
levels. Such microRNAs have been described by a number of researchers and are
frequently teamed under the term “Pharmaco-miRs”. One can assume that mutated
miRNA target sites on mRNAs engaged in pathways related to drug metabolism or
absorption, can inevitably implicate miRNAs in drug responses as well [71]. In
2007 Mishra et al. presented evidence that miRSNPs can actually regulate drug
responses. A polymorphism at the 3' UTR of the dihydrofolate reductase (DHFR)
gene, which was previously associated with upregulation of DFHR expression, was
found to interrupt the conserved target site of miR-24 and caused the reported over-
expression of DHFR [72]. As a result, elevated DHFR led to methotrexate resis-
tance, a widely used chemotherapeutic agent. Polymorphisms in miRNA 3" UTR
target sites and/or miRNA genes have been associated with resistance to chemo-
therapy in patients suffering from various subtypes of cancer. The CREAM
(Chemotherapy ResistancE-Associated MiRSNP) repository lists 150 such SNPs
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predicted to interfere with 1164 chemotherapy response compounds [73]. In breast
cancer patients with estrogen receptor alpha expression, the acquired resistance to
tamoxifen treatment has been associated with an elevated expression of miR-519a,
which in turn targets a number of tumor-suppressor mRNAs to decrease the life
expectancy of patients [74].

MicroRNAs in Developing Disease

Over the last few years many studies were designed to capture the effects of miRNA
action in complex disease entities. Multifactorial diseases not only depend on the
genetic load of an individual but are assisted towards overcoming a triggering
threshold by lifestyle as well. MicroRNAs are considered as key regulators in dis-
ease development as they are implicated in all kinds of cellular processes and most
importantly cell and tissue development and differentiation. Hence, the elucidation
of miRNA signatures in such diseases, is postulated to unveil basic and advanced
understanding of their pathology and progression and at the same time assist the
development of tailored therapies per different patient. For this purpose, DICER
knockout animal models, in vitro studies and expression assays have been recruited,
as well as next generation high-throughput technologies.

MicroRNA signature of complex disease is a trending topic in scientific litera-
ture. Biomarkers are molecular signatures of a pathological state and can either be
substances or molecules, which can be detected and measured in an objective way.
MiRNAs have the specifications of being ideal and powerful biomarkers for non-
invasive assays, as they can be measured in more than one ways, are abundantly
expressed in all tissues and bodily fluids, are stable molecules and belong to a
diverse and multitudinous family of non-coding RNAs.

miRNAs and Cancer

MicroRNA implication in cancer has been extensively studied in the past years and
they have been found to be differentially expressed in a wide spectrum of malignant
states. Being characterized as being both tumorigenic or tumor suppressive, miR-
NAs associated with cancer have been named as Oncomirs [75]; however, this char-
acterization is only valid when a given miRNA is targeting an oncogene or a tumor
suppressor gene. Deregulated miRNA expression under variable circumstances can
alter their targeting potential against an mRNA, which in turn is associated with a
specific type of cancer. In general, induction and progression of cancer is the orches-
trated interaction and balance between tumor enhancers and suppressors and miR-
NAs seem to play a pivotal role in cancer development as more than half of miRNA
encoding genes are found in genomic cancer hot-spots or at fragile chromosomal
regions associated with translocations [76]. Tumor progression is marked by abnor-
mal changes in cellular function and metabolism that lead to uncontrollable
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proliferation, resistance to apoptosis, escape from tumor suppressor action, induc-
tion of angiogenesis and eventually, invasion and metastasis; inevitably, miRNAs
were found to be involved in all stages [77].

The first study implicating miRNAs in cancer by Calin et al. in 2002 demon-
strated the involvement of miR-15a and miR-16-1 in B cell chronic lymphocytic
leukemia. Their expression was found to be compromised by frequently observed
deletions of the genes that encode for them in the 13q14 locus, which in turn is asso-
ciated with the disease [78]. The miR-15a/miR-16 cluster of miRNA genes, encodes
for miRNAs that are thought to be tumor suppressors under physiological states, by
targeting BCL2 among other well described oncogenes [79]. The complexity of
miRNA involvement in cancerous states has been widely observed. In some cases a
specific miRNA has been given the properties of an oncomiR, while the same
miRNA was found to act suppressively in other types of cancer. A good example is
miR-125b; its levels drop in thyroid, ovarian and oral squamous cell carcinomas to
halt cell proliferation and interfere with the progression of the cell-cycle, while in
prostate cancer it was found to inhibit p53-dependent apoptosis of cancerous cells
[80]. The p53 transcription factor is a direct regulator of miR-34a and miR-34b/c,
while these miRNAs target and regulate pS3 expression [81]. In chronic lympho-
cytic leukemia, miR-34a, miR-34b/c and DAPK1 were found to be epigenetically
inactivated by hypermethylation of their promoter to disrupt the tumor suppressive
p53 pathway [82]. Hypermethylation of miR-34b/c is also considered as a potential
diagnostic factor in Stage I non-small cell lung carcinoma [83]. In breast tumors,
downregulation of miR-34a was significantly associated with metastasis [84].

In certain types of cancer miRNAs have a proven diagnostic and prognostic
value, which has become of great significance in clinical practice. MicroRNA
expression is evidently fluctuating in cancerous cells; affected tissues are distin-
guished by their expression potential of miRNAs. MiRNAs can be easily and effi-
ciently isolated from formalin-fixed paraffin-embedded tissues, which is the starting
material in most cases. Identification of miRNAs in biofluids, such as blood serum,
saliva or urine, is also supporting the need of establishing non-invasive diagnostic
and prognostic tests, as well as tumor classification tests.

The prognostic value of miRNAs has been investigated in many types of cancer,
such as lung cancer, liver cancer, melanoma or prostate cancer. Inevitably, a number
of specific miRNAs are recurrently found to be elevated or diminished in tissues or
cell types studied. This fact can be explained by the potential role such miRNAs
have in cancer development and their role as biomarkers cannot be overlooked. For
example, in prostate cancer, miR-141 was found to be considerably elevated in the
serum of patients with prostate cancer compared to controls and is considered as a
prognostic marker with a 100 % specificity [85]. The same miRNA was also found
to be increased in patients with ovarian cancer, while in metastatic colon cancer it
was correlated with the levels of the carcinoembryogenic antigen (CEA) and poor
prognosis [86, 87].

In a cohort of colon carcinoma patients, miR-21 was found to have a higher
expression in adenomas as well as in patients with advance malignancy classifica-
tion stage tumors. Survival of patients in the same study was also correlated with
high miR-21 expression, as well as their response to therapy [88]. MiR-21 has also
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been found to be overly expressed in tumorous tissue from both breast and lungs
[89, 90]. It is considered as a very important oncomiR and apoptosis suppressor and
the therapeutic value of its inhibition was examined in breast cancer cells and mice
with positive results [91]. In non-small cell lung carcinoma let-7 is not only consid-
ered as a primal tumor suppressor but also as a putative therapeutic agent. Poor
prognosis of lung cancer in patients was directly correlated with compromised let-7
expression [92].

miRNAs and Diabetes

Diabetes mellitus (DM) is a complex disease affecting 347 million people of all
ages worldwide. It is mainly characterized by elevated blood glucose levels and can
be found in two forms depending on insulin availability or usage; pancreatic 3-cells
fail to produce insulin in Type 1 (T1D) patients, while Type 2 (T2D) patients are
insulin resistant [93]. The role of miRNAs in diabetes starts with the control over
pancreatic islet p-cell proliferation and function. In islet-specific Dicerl mice
knockouts, pB-cells were completely absent and animals die soon after birth at P3
[94]. Beta-cell Dicerl knockdown mice presented with a dramatic reduction in insu-
lin production rates in isolated P-cells compared to wild-type animals [95].
Differentiation of insulin producing cells is a process mediated by a cross-talk
between Neurogenin3 produced by endocrine progenitor cells and Hesl.
Pancreatectomized mice presented a failure in f-cell regeneration from pancreatic
pro-endocrine cells and defected post-transcriptional regulation of Neurogenin3
protein expression by miRNAs was found to be the cause; miR-15a, miR-15b, miR-
16 and miR-195 were found to be highly expressed in treated mice and have pre-
dicted target sites on the Neurogenin3 transcript [96]. Beta-cell development and
function is thought to be guarded specifically by miR-375. In vitro studies demon-
strated an increase of insulin secretion after glucose stimulation in cells lacking
miR-375, while miR-375 knockout mice presented with fasting hyperglycemia at
the 12th week of life and p-cell mass was reduced responding to limited levels of
proliferation [97, 98]. Using luciferase reporter constructs, miR-375 was found to
have a conserved functional target site on the 3 UTR of 3’-phosphoinositide-
dependent protein kinase-1 (PDK/), an actively involved protein in insulin signal-
ing and P-cell response in insulin demand through the phosphatidyloinositol 3
kinase (PI3-K) pathway [99]. Islet B-cell function is also regulated by miR-7a,
which is regarded as a negative regulator of insulin granule exocytosis. In f-cell
miR-7a2 knockout mice, insulin secretion was increased in response to high glu-
cose levels, suggesting a higher tolerance to glucose [100].

Pancreatic P-cells sense glucose levels and respond by releasing insulin.
Prolonged exposure of the pancreatic f-cell line MING6 to high glucose levels ini-
tially induced miR-15a levels and eventually reduced them, in accordance with
insulin production levels [101]. MiR-15a regulates insulin synthesis in an indirect
manner, by targeting the mRNA of the uncoupling protein-2 gene (UCP-2), which
codes for an important protein that monitors ATP generation triggered by glucose.
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Insulin protein stability requires the polypyrimidine tract binding protein (PTB),
which is in turn targeted by miR-133a. In glucose-treated human islets, miR-133
was found to be elevated and PTB biosynthesis was effectively reduced accompa-
nied by a reduction in insulin synthesis as well [102]. In addition, insulin release is
also regulated by miRNAs, with miR-124a targeting directly the exocytosis regula-
tor Ras-related protein Rab27A, miR-96 and miR-9 increasing the expression levels
of the Rab GTPase effector granuphilin, and miR-34a targeting the vesicle-
associated membrane protein 2 (VAMP2) [103-105].

Tissue resistance to insulin leads to T2D and a number of studies demonstrate the
involvement of miRNAs in this poorly understood process. A number of signaling
pathways were found to be regulated by specific miRNAs in the liver, the adipose
tissue and skeletal muscle, which uptake blood glucose in response to stimulation
by endogenous or administrated insulin. Adipocyte development is facilitated by
miR-143. Inhibition of miR-143 in pre-adipocytes reduced triglyceride accumula-
tion by 75 %, while halted the expression of important genes such as GLUT4, aP2,
HSL and PPAR-y2 [106]. The influence of miR-143 on adipogenesis was recently
found to have a stage-specific role during their development, possibly by the direct
regulation of MAP2KS and consequently the MAPK signaling pathway [107]. In
addition, insulin resistance in adipocytes is thought to be regulated by miR-320 via
the direct regulation of the p85 PI3-K subunit, which in turn modulates the phos-
phorylation levels of Akt and Glut4 to assist downstream signaling pathways [108].
In obesity models, the pattern of miRNA expression in developing adipocytes
appears to be paradoxically inversed [109].

The use of miRNAs as biomarkers in DM is also currently examined. In T1D
non-obese mice, elevated miR-375 levels preceded the onset of diabetes by 2 weeks
suggesting the use of this miRNA as a valid biomarker to indicate p-cell death and
initiation of diabetes [110]. In T2D, a comprehensive evaluation of miRNAs in the
plasma of patients, revealed the downregulation of miR-21, miR-24, miR-15a, miR-
125, miR-191, miR-197, miR-223, miR-320 and miR-486 and the upregulation of
miR-28-3p compared to healthy controls [111]. MiR-21 in particular, was found to
be significantly upregulated in diabetic mice and correlated with the development of
microalbuminuria and renal fibrosis and inflammation; soon after knocking down
miR-21 in the same animals, renal symptoms ameliorated thus suggesting a poten-
tial role for miR-21 as a therapeutic agent for diabetic nephropathy [112]. Ethnic
origin of T2D patients also appeared to play a role in circulating miRNA signatures.
For instance, miR-144 was found to be significantly associated with T2D in Swedish
patients, but not Iraqis, while miR-24 and miR-29b appeared to be consistently
marking the disease in both populations [113].

miRNAs and Neurodegeneration

In neurodegenerative disorders, the physiological function or structure of neu-
rons is gradually compromised leading to degeneration and inevitably cell death.
Patients in most cases present with motor and/or cognitive decline depending on
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the impairment of specific brain regions, while clinicopathological symptoms
occasionally overlap among different disease entities. Defected development of the
central nervous system has been a common finding in Dicer knock-out animals,
suggesting a pivotal role for miRNAs in neuronal differentiation and brain cortex
size, while neurogenesis was found to be induced by a number of miRNAs, such as
miR-9, miR-24, miR-125b and miR-128 [114, 115].

In sporadic Parkinson’s disease (PD), mutations in LRRK?2 are considered as
causative factors. LRRK2 protein levels are thought to be effectively regulated by
miR-205 through a conserved binding site, while patients with sporadic PD demon-
strated significantly reduced levels of miR-205, resulting in elevated LRRK?2 levels
and neurite outgrowth [116]. The role of LRRK2 in disease pathogenesis is still
unclear, although its function as a kinase and GTPase implicates this protein in a
number of molecular pathways possibly implicated with PD [117]. Nevertheless, in
a drosophila model mutated LRRK?2 was found to interact with microRNA biogen-
esis through an RNA-independent association with the RISC complex [118].
Additionally, miR-133b was found to be reduced in the substantia nigra of PD
patients and regulates the maturation and function of midbrain dopaminergic neu-
rons possibly via Pitx3, which in turn modulates the expression level of miR-133b
in a proposed negative feedback loop [119]. More genes involved in PD are also
targeted by miRNAs, such as a-synuclein which was found to be regulated post-
transcriptionally by miR-7 and miR-153 [120].

In developing Alzheimer’s Disease (AD), specific miRNAs were found to regu-
late relevant genes. The B-amyloid precursor protein (APP) was found to be targeted
by miR-106a and miR-502c [121], the tau protein is bound and regulated by miR-
34a [122], and miR-98 targets IGF-1 [123]. Furthermore, exons 7 and 8 of APP are
abnormally spliced in post-mitotic neurons of dicer conditionally knocked-out mice
and miR-124 was found to be responsible for this effect assisted by its target gene
PTBP] [124]. It appears that the abundance of miR-124 in neurons is concomitant
with the occurrence of the neuronal APP isoform which lacks exons 7 and 8; hence,
its absence promotes AD through the accumulation of non-neuronal
APP. Furthermore, miR-9 was also found to be decreased in response to amyloid
beta (Ap) accumulation in primary neurons and is a direct regulator of BACE]
expression, which in turn regulates APP cleavage [125, 126]. BACEl mRNA is also
targeted by miR-29 and miR-107, with the latter found to be downregulated in both
AD and PD patients [119, 127, 128]. Moreover, in AD neuronal aging is promoted
by an increase in miR-34 levels prior to the accumulation of Ap in mice, possibly
through its target gene Bcl-2 [129].

The role of miR-146a in neurodegeneration has been explored by a number of
studies. This miRNA is upregulated in brain regions affected in AD, while it is also
induced by IL-1p, TNFa and Ap42 peptides which in turn are pro-inflammatory
cytokines triggering AD (reviewed in [130]). The same miRNA was also found to
mark prion induced neurodegeneration [131]. The expression of miR-146a was
found to be mainly induced by NF-xB in Toll/IL-1 receptors and represses the
release of chemokines and IL-8 via a negative regulation of IL-1f as a part of a
feedback loop to eventually regulate innate immune responses [132].
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Identification of solid biomarkers in neurodegenerative disorders is still under
great consideration by the scientific community. Examples of biomarkers in AD
include miR-125b that has been proposed as a circulating biomarker with 68.3 %
specificity and 80.8 % sensitivity when patients are compared to healthy controls
[133]. Moreover, miR-384 which targets APP and BACE-1 was isolated from the
cerebrospinal fluid of patients with mild cognitive impairment and Alzheimer’s type
dementia and was found to be significantly lower compared to controls [134]. In a
recent meta-analysis of eight studies in search of the diagnostic validity of biomark-
ers in neurodegeneration, authors found contrasting results between different stud-
ies and suggest the usage of assays taking into account multiple miRNAs instead of
a single species assay [135]. In other disorders such as multiple sclerosis, miR-21,
miR-142-3p, miR-146a/b, miR-155 and miR-326 were found to be elevated in
mononuclear blood cells and white matter brain regions in MS patients (reviewed in
[136]). Also, in amyotrophic lateral sclerosis mice and patients the muscle-enriched
miR-206 was found to be elevated in circulation and is proposed as a potential dis-
ease prognostic marker [137].

miRNAs and Cardiovascular Disease

The cardiovascular disease (CVD) group consists of a number of highly prevalent
disorders that, together with cancer, are the leading causes of death in the western
world [138]. Coronary artery disease presenting with acute myocardial infarction
(MI), as well as essential hypertension, cardiac hypertrophy and atherosclerosis are
the main categories of CVDs. Cardiac hypertrophy and failure are responses trig-
gered by stress factors such as MI or hypertension, which in turn alter the hemody-
namic environment and lead heart cells to undergo reprogramming in order to adapt.
Consequently, heart cells regress to an expression potential that resembles a fetal
type and cardiac cell specifically expressed miRNAs are thought to play a pivotal
role in this procedure [139]. Dicer inactivation in cardiac cells of mice caused pro-
gressive dilated cardiomyopathy, accompanied by heart failure and eventually death
after birth, while impaired expression of the dicer endonuclease was also identified
in patients with dilated cardiomyopathy [140].

In the developing heart, miR-1, miR-133a/b and miR-208 are considered as
basic players for regulating the expression of genes in cardiac muscles and therefore
the heart’s growth and function [141]. It has been demonstrated that at the onset of
pressure-overload cardiac hypertrophy, miR-1 expression is repressed to cause
downstream global changes in gene expression [142]. In Dahl hypertensive rats,
silencing of miR-208a in the heart, prevented cardiac remodeling and myosin
switching while increased rat survival [143].

MicroRNAs contribute in the development and stabilization of atherosclerotic
plaques, with miR-92a to modulate plaque angiogenesis in mice [144], miR-21 to
be stress-induced in the endothelium and modulates apoptosis [145], and miR-155
to regulate pro-inflammatory macrophages, act repressively on Bcl6 and enhance



2 MicroRNAs in Disease 33

plaque formation [146], among others. In addition, miR-155, miR-145 and miR-126
are thought as potential candidates for atherosclerosis treatment [147]. Other factors
conferring risk in atherosclerosis development, such as the high levels of low-
density lipoprotein (LDL) and low levels of the high-density lipoprotein are regu-
lated by miRNAs, with miR-122 to be responsible for increasing LDL levels and
miR-33 upregulation to be associated with low HDL levels [148, 149]. Elevated
LDL due to miR-122 upregulation is used as a control feature in miR-122 adminis-
trated antagomir therapy against Hepatitis C virus [148]. In an atherosclerotic
mouse model, administration of miR-33 antagomirs increased HDL levels and
plaque size appeared to be reduced and their stability increased [150].

In mice undergoing acute MI, members of the miR-29 family were found to be
downregulated in the fibrotic heart region being adjacent to the infarct and to regu-
late the expression of fibrotic genes such as COLIAI, COLIA2, COL3AI and FBN1
[151]. Cardiac fibrosis due to miR-29 might consequently lead to hypertension and
it has been shown that adjustment of aerobic training habits in rats individuals
helped in increasing miR-29c levels [152]. Moreover, miR-15 family members are
found to be regulated in infarcted heart regions responding to ischemia-reperfusion
injury in MI mice and pig models [153]. Therapeutic administration of miR-15
antagomirs, succeeded in sequestrating miR-15 tissue levels and reduced infarct
size, while induced tissue remodeling.

In essential hypertension, human cytomegalovirus (HCMV)-encoded miRNA,
hvmn-miR-UL112 was found to be differentially expressed between hypertensive
patients and controls and it direct regulator of interferon regulatory factor 1 (IRF-1)
mRNA, which in turn upregulates angiotensin II type3 receptor to deregulate blood
pressure [154]. In pulmonary arterial hypertension (PAH), miR-204 was found to be
significantly downregulated in vitro as a response to the aberrant expression of
STAT3, which normally induces the transcription of miR-204 host gene [155].
Intratracheal delivery of miR-204 mimics in PAH affected rats presented with
reduced arterial pulmonary pressure. Additionally, pulmonary vascular remodeling
due to hypoxia in PAH has been associated with elevated miR-21 in mice [156].

The use of miRNAs as biomarkers in CVDs has also been extensively explored
(reviewed in [157]). Myocardial damage is characterized by a release of miR-208b
and miR-499 into circulation and the prognostic value of both miRNAs is under study
[158]. In addition, the use of miR-133a as a biomarker for cardiomyocyte death in
CVD patients has also been established [159]. Circulating levels of let-7b, miR-30a
and miR-195 were identified in patients with developing MI and found to have up to
90 % sensitivity and 90 % specificity in discriminating patients from controls [160].

miRNAs and Renal Disease

Kidney development and growth is dependent on miRNAs. In mouse podocytes, the
highly differentiated epithelial cells of the glomerulus, Dicer inactivation depleted
foot processes and induced apoptosis, while animals developed albuminuria
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followed by glomerular sclerosis, tubulo-interstitial fibrosis, an abnormal appear-
ance of the glomerular basement membrane, mesangial expansion, acute renal dis-
ease progression and eventually died after 6-8 weeks [161-163]. Impressively,
proteins involved in podocyte function, such as nephrin and podocin, were found to
be significantly decreased, while the major transcription factor that drives podocyte
differentiation WT1 was found to be unaffected; hence miRNAs are believed to
have limited influence in triggering podocyte differentiation but are essential in
preserving podocyte function [163]. Like Dicer knockouts, clinical features of end-
stage renal disease (ESRD) were recorded in Drosha-ablated mouse podocytes and
animals presented with collapsing glomerulopathy, thus suggesting a pivotal role
for miRNAs in podocyte function [164]. Microarray experiments revealed the spe-
cific enrichment of miR-192, miR-194, miR-204, miR-215 and miR-216 in the kid-
ney, with miR-192 having a proven role in diabetic nephropathy (DN) [165, 166].
Diabetic patients developing nephropathy present proteinuria, thickening of the
glomerular basement membrane (GBM), expansion of the mesangium and accumu-
lation of the extracellular matrix, where laminin, fibronectin and collagens type I and
IV fail to preserve GBM’s normal structure [167]. In diabetic mice, miR-192 was
found to be elevated in their glomeruli [168]. This miRNA can regulate E-box
repressors expression, which in turn regulate Collal and Colla2 gene expression
through TGF-p, leading to their accumulation. In addition, hyperglycemia seems to
induce the abnormally high expression of miR-377 in mesangial cells, causing the
targeted PAK1 and mnSOD mRNA downregulation and finally enhanced production
of fibronectin [169]. Furthermore, in early diabetic nephropathy miRNA-21 was
found to have reduced levels in db/db mice, while its over-expression paused mesan-
gial cell proliferation and decreased the albumin excretion rate [170]. In podocytes
cultured in high glucose levels, as well as in diabetic mice manifesting proteinuria,
miR-195 expression was found to be elevated [171]. Furthermore, in Hypertensive
Nephrosclerosis (HN), a disease where hypertension leads to arterial sclerosis which
in turn causes glomerular sclerosis and hypertrophy, atrophy of the tubules and inter-
stitial fibrosis, miR-200a and b, miR-141, miR-429, miR-205 and miR-192 were
found in abundance and their levels correlated with the presence of proteinuria [172].
A frequent clinicopathological finding in glomerular disease is focal segmental
glomerulosclerosis (FSGS), and urine miR-196a, miR-30a-5p and miR-490 were
found to characterize patients with active FSGS compared to patients with FSGS in
remission [173]. In mesangial glomerulonephritis, miR-21 and miR-124 were found
to be upregulated in WKY rats [174]. Lupus nephritis (LN) manifests with mesan-
gial glomerulonephritis, and in LN patients, miR-146a of glomerular origin was
also found to be upregulated in both B6.MRLc1 mice and humans [175, 176]. In
patients with IgA nephropathy, miR-200c was found to be downregulated with its
levels of expression correlating with proteinuria, while miR-192, miR-141, miR-
205 were upregulated, with miR-192 demonstrating an association with glomerulo-
sclerosis and a decrease in glomerular filtration rate [177]. Furthermore, in a group
of ESRD patients having received a kidney transplant, serum miR-181a, miR-
483-5p and miR-557 were differentially expressed during the first 7 days following
transplantation surgery, hence acting as factors predicting graft rejection [178].
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In polycystic kidney disease (PKD), miRNAs were found to be important play-
ers in disease pathogenesis. Cyst development mechanisms in PKD are still poorly
understood [179]. MiR-15a expression levels were found to be downregulated in
both autosomal dominant and recessive PKD, which subsequently caused the
upregulation of its target Cdc25A, a cell cycle regulator [180]. In a PKD rat model,
differential expression of miRNAs demonstrated an increased expression of miR-21
and downregulation of miR-31, miR-164a and miR-125 [181]. Furthermore, the
overexpression of the oncogenic miRNA cluster miR-17-92 in mice was found to be
directly regulated with cyst growth, while its inactivation in a PKD mouse model
delayed cyst development, as Pkdl, Pkd2 and Hnf-1b gene transcripts have func-
tional binding sites for both miR-17 and miR-92a [182].

MicroRNAs as Therapeutic Agents

The use of artificial miRNA molecules as therapeutic agents is currently under pro-
gressive development. Such molecules are modified oligonucleotides that can either
sequestrate a specific miRNA to enhance the expression of its targets (antagomirs), or
boost its levels to target disease promoting mRNAs (mimics). Based on their one-to-
many way of function miRNA-like molecules can be used to treat diseases having
more than one pathways affected, but on the other hand limit the specificity of a puta-
tive therapeutic approach [183]. Hence, good therapeutic candidates can be miRNAs
that have a well-documented way of action and are ideally tissue specific. Moreover,
drug delivery can be problematic and challenging in some cases (reviewed in [184]).

As mentioned earlier, in a work by Joplin et al. [70] miR-122 was found to target
two specific sites at the 5" UTR of the HCV genome to stabilize and protect it from
nucleolytic degradation, thus assisting in hepatitis C propagation [185]. HCV
infection is the primary cause of liver disease and affects more than 170 million
people worldwide; hence the development of effectual therapeutic approaches is
more than necessary and the exploitation of miR-122 properties over HCV will
hopefully give rise to the first approved miRNA-related drug [186]. To develop this
miravirsen drug, a series of anti-miR-122 oligonucleotides targeting the miRNA’s
5’ end sequence were tested in order to block its seed region, and finally a highly
stable sequence specific 15-mer LNA-modified oligo (SPC3649) demonstrated
strong inhibitory effects on miR-122 function in hepatocytes of both mice and
African green monkeys, even at low concentrations [148, 187]. When this mira-
virsen was administrated in HCV infected chimpanzees, they presented a significant
reduction in traceable HCV, while HCV levels continued to drop even 2 weeks after
the drug administration was concluded, thus rendering the miravirsen a more com-
prehensive therapeutic agent compared to other approaches [188]. Currently,
this miravirsen is in Phase 2a clinical trials with very encouraging results. Clinical
trials exhibit a dose-dependent and persistent reduction of HCV levels, while no
side-effects were recorded [189]. Impressively, 14 weeks after concluding the drug
administration four out of nine patients that received a high dose (7 mg/kg) of



36 G. Papagregoriou

miravirsen, the viral RNA was undetectable, depicting a lack of resistance of the
virus against the drug.

Besides miR-122, a small number of other miRNAs are also thought as potential
therapeutic candidates. For example, miR-92a was found to control angiogenesis
and its inhibition through an antagomir in mouse models presenting with limb isch-
emia and myocardial infarction, accelerated the recovery of affected tissues and
promoted angiogenesis as it naturally targets relevant genes [144]. Additionally, the
members of miR-15 family are found to be implicated in cell survival and regulate
cell cycle progression and are upregulated in infarcted regions of mice and pigs in
response to injury caused by ischemia [153]. Administration of modified LNAs in
animals sequestrated the expression levels of miR-15 family members and increased
the viability of cardiomyocytes after hypoxia, while cardiac function was enhanced.

Another important miRNA drug under development is MRX34, a double
stranded RNA molecule that mimics miR-34 and is currently in Phase 1 clinical tri-
als. As mentioned above, miR-34 family expression is promoted by p53 and is
found to be downregulated in various types of cancer, as it is considered an impor-
tant tumor suppressor (reviewed in [183]). The miR-34 family consists of three
miRNAs that share the same seed-region, namely miR-34a, b and c, with miR-34a
to be the most abundant. Tumor suppression in vivo was succeeded in animals with
xenografts that promoted prostate cancer [190], lymphoma [191], non-small cell
lung cancer [192] and others, which had miR-34 delivered intravenously or directly
with intratumoral injections. Phase 1 trials of miR-34 replacement are ongoing and
started with a debate on the drug delivery approach to be used. After exploring a
number of available solutions, an ionizable liposome (NOV340—SMARTICLES)
was selected to carry the miR-34 oligonucleotide based on its use in mouse models,
the miRNA bio-distribution and the vehicle’s safety [193]. When this liposome is
released in biofluids with neutral pH it gains a slightly anionic character that pre-
vents it from having non-specific interactions with negatively charged cellular
membranes, while it becomes cationic in tumor regions where the environment has
lower pH and becomes active. This specific vehicle is preferably delivered to the
liver, thus liver cancer was proposed as the disease model in this case.

Conclusions

Without doubt, miRNA involvement in diseases is a trending matter in the literature.
From causing a disease to modifying complex genotypes, miRNAs seem to be
implicated in every aspect of a cell’s effort to develop, differentiate, and lead a
healthy living or program its death. Although a number of different approaches both
in vitro and in vivo have been developed as a response to the growing needs of the
scientific community to study miRNAs, the need to discover robust prognostic and
diagnostic miRNA markers is essential. In addition, miRNA bioinformatics have
been greatly used as the starting point in deciphering miRNA-mRNA target pair-
ings and have become more and more efficient through time. Hopefully the
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development of novel high-throughput technique in the years to come will facilitate
the comprehensive functional characterization of miRNAs in disease; the knowl-
edge emerging from endless lists of differentially expressed miRNAs in cells or
tissues is of little help in understanding their true biological meaning.
Conclusively, miRNAs have what it takes to become the next generation of thera-
peutic agents. Taking miRNA research from the bench to the bedside, it is indeed
exciting that the first two miRNA drugs, miravirsen and miR-34 replacement, are
already in clinical trials. What remains is the development of more drugs and why

not,

tailored therapies for patients.
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