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NGS next-generation sequencing

nt nucleotide

PARE parallel analysis of RNA ends

PK pharmacokinetic

gqRT-PCR quantitative reverse transcriptase-polymerase chain
reaction

RISC RNA induced silencing complex

RNA ribonucleic acid

RNA Pol II RNA polymerase II

TARBP transactivation-responsive RNA binding protein 2

Tm melting temperature

1. INTRODUCTION

MicroRNAs are single-stranded RNA molecules, approximately 22
nucleotides (nt) long that play a significant role in the post-transcriptional
regulation of gene expression. This chapter outlines what is currently
known about microRNAs, recent advances in our understanding, their
potential therapeutic uses, and future directions for investigation.

1.1. Background

MicroRNAs were originally discovered in Caenorhadbitis elegans [1], and
due to their high sequence conservation, their subsequent discovery in
many other organisms including mammals was facilitated. MicroRNA
genes are frequently located in intronic regions of protein-coding genes
but may also be found in intergenic regions of the genome and can occur
singly or in clusters. When microRNAs are located in introns, their
expression is thought to be co-regulated with that of their host gene.
MicroRNA genes are transcribed by RNA polymerase II (RNA Pol II) to
form primary microRNAs (pri-miRNAs) which are then capped and
polyadenylated [2]. These primary transcripts are subsequently pro-
cessed into ~70 nt precursor microRNAs (pre-miRNAs) by Drosha, an
RNase III endonuclease [3] and exported from the nucleus by Exportin-5
[4] (see Figure 1). Significantly, the ~70 nt pre-microRNA folds into a
distinct hairpin conformation, and many microRNA sequences are highly
conserved across multiple species. Consequently, to identify other puta-
tive microRNAs, many computational methods utilize algorithms to scan
the genome for sequences capable of forming these characteristic hairpin
structures and to identify sequences that are highly similar if not identical
to microRNA sequences from other species. As of 2011, the microRNA
registry contained predictions of over 15,000 microRNAs, over a thou-
sand of which are in the human genome [5]. Experimental methods are



MicroRNAs—Basic Biology and Therapeutic Potential 353

/ Pri-microRNA é

|
Drosha
% > eNA
— =
DNA % pre-microRNA

/ Crtr

Exportin 5

Cytoplasm omﬁr
{ Dicer
mRNA @
P

Vs
~
N RI

MicroRNA

Degradation <=+ Translational repression

Figure 1 Schematic outline of the main steps in microRNA biogenesis. MicroRNAs are
initially synthesized as pri-microRNA transcripts by RNA Pol Il in the nucleus. Processing
by Drosha results in ~70 nt hairpin pre-microRNA molecules which are exported to the
cytoplasm by Exportin 5. Dicer processing leads to the formation of mature microRNAs
which are then loaded into the RISC. The passenger strand microRNA is cleaved and
degraded, while the guide strand microRNA is retained and used by RISC to identify its
target mRNA. Regulation of gene expression is through either translational repression or
an mRNA cleavage/degradation mechanism.

needed to confirm the existence of these predicted microRNAs. As with
some protein-coding genes, some microRNAs belong to large microRNA
families with members differing in sequence by 1 or 2 nt (Table 1).

Once in the cytoplasm, the double-stranded pre-microRNAs are pro-
cessed by Dicer, another member of the RNase III endonuclease family,
into mature ~22 nt microRNAs [3] (Figure 1). This mature double-
stranded microRNA species is made up of the guide strand (designated
as miR) and its complementary passenger strand (designated as miR*).
The regulation of mRNAs by a mature microRNA requires incorporation
into the RNA-induced silencing complex (RISC), which comprises multi-
ple proteins including Argonaute, Dicer, and TAR RNA binding proteins
(TRBP) (reviewed in Ref. [6]). Following incorporation, the passenger
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Table 1 The hsa-let-7 family of microRNAs showing high sequence similarity

MicroRNA Sequence 5’ to 3/

hsa-let-7a UGAGGUAGUAGGUUGUAUAGUU
hsa-let-7b UGAGGUAGUAGGUUGUGUGGUU
hsa-let-7¢ UGAGGUAGUAGGUUGUAUGGUU
hsa-let-7d AGAGGUAGUAGGUUGCAUAGUU
hsa-let-7e UGAGGUAGGAGGUUGUAUAGUU
hsa-let-7f UGAGGUAGUAGAUUGUAUAGUU
hsa-let-7g UGAGGUAGUAGUUUGUACAGUU
hsa-let-7i UGAGGUAGUAGUUUGUGCUGUU

The seed region (nts 2-7) of this microRNA family is underlined and nucleotides that differ from hsa-let-7a are
shown in bold.

microRNA strand (miR*) is degraded and released from the RISC. The
relative thermodynamic stability of each end of the double-stranded
microRNA species plays a large role in determining which strand
becomes the guide strand and is retained, and which strand is degraded
[7,8]. The recognition of mRNA targets by the RISC occurs through the
guide strand microRNA and is thought to be based on the perfect (or
almost perfect) sequence complementarity to the “seed region,” defined
as nucleotides 2-7 at the 5'end of the microRNA. Previously, suppression
of gene expression was thought to result either from cleavage of the
targeted mRNA followed by its degradation or from translational repres-
sion of the target [9-11]. For the cleavage/degradation mechanism to
occur, extensive complementarity between the microRNA and its target
is required, whereas translational repression is facilitated primarily
through complementarity with the seed region. As the majority of micro-
RNAs do not have extensive matches with their predicted mRNA targets,
this suggests translational repression as the main mode of action of
microRNAs. However, it has recently been reported that degradation of
the mRNA target frequently follows translational repression [12].

The limited complementarity between a miRNA and its target mRNAs
(with complementarity focusing on the seed region) has hindered the
identification of mRNA targets of microRNA action. Consequently, the
function of large numbers of microRNAs remains unknown. Nonetheless,
current understanding of their basic mechanism of action has established
them as an important class of regulatory molecules, adding a new level of
eukaryotic gene regulation at the posttranscriptional level [13,14].
Furthermore, microRNA expression patterns may be altered during the
progression of many diseases. Therefore, their potential utility as biomar-
kers in human diseases has been an area of intense investigation, and a
database of reported microRNA disease associations is available [15].
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To date, studies of altered microRNA expression patterns have mainly
focused on oncology, but recent reports have indicated that microRNA
expression can be disrupted in other human diseases as well. Questions
surrounding the feasibility of using such molecules as biomarkers relate
to the technical challenges inherent in discriminating between such
highly similar sequences. Despite these challenges, microRNA signatures
have proven to be more robust prognostic markers in oncology than
mRNA signatures [16,17].

1.2. Technical considerations when studying
microRNA expression

The initial step in a microRNA analysis is usually to undertake genome-
wide expression profiling to determine expression levels in various cell
types or disease states. This will identify changes in the expression of
subsets or even individual microRNAs that can then be evaluated as
biomarkers. However, as noted, the relatively short length and highly
similar sequence characteristics of microRNAs make profiling technically
demanding. Nevertheless, several commercially available platforms with
varying degress of sensitivity, specificity, and coverage are available.
Recently, the advent of next-generation sequencing (NGS) techniques
has offered the potential for validating predicted microRNA sequences
[18] as well as quantitating microRNA levels in various cell types [19].
In addition, such sequencing methodologies allow de novo identification
of microRNAs not previously predicted. However, technical issues
remain, such as the potential for bias during construction of the sequenc-
ing library [20]. Prior to the advent of NGS, genome-wide analysis meth-
ods involved microRNA arrays with hybridization to hundreds or even
thousands of probes generated using conventional deoxyribonucleotide
or locked nucleic acid (LNA) chemistries [21-24]. Alternatively, although
less comprehensive in their coverage, methods that use multiple qPCR
primer sets, such as the TagMan Human MicroRNA Array or a similar
system from Roche/Exiqon that uses LNA primers, have been widely
used. While the numbers of interrogated microRNAs are currently smal-
ler than most hybridization arrays, these qRT-PCR arrays have increased
sensitivity, require considerably less starting material, and/or do not
require a preamplification or purification step. Regardless of the method
chosen, these techniques all have to address the highly varied melting
temperatures (Ty,, 45-74 °C) and short sequences (~22 nt) differing by
only 1-2 nt found in currently known mature microRNAs. The issue of
sequence similarity requires that some array platforms truncate the
probes to obtain equivalent T,, between the microRNAs represented
on an array. As an alternative, LNA-based arrays add modified nucleo-
tides that increase the thermostability of the RNA/DNA duplexes.
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Depending on the number of nucleotides modified, the T, can be altered
by 2-10 °C allowing for a more uniform hybridization temperature across
the array. The alternative TagMan and other qRT-PCR-based methods
also have to account for the mature microRNA being only slightly longer
than the primer sequence used for amplification. The TagMan system
uses a probe to increase specificity, whereas the Roche/Exiqon method
uses shorter LNA-based primer sequences while allowing products to be
cloned and verified if needed. Finally, in addition to the issue of similar-
ity, there is the added complication of cross-hybridizing with precursor
microRNA species. In the case of arrays, this can be minimized through
additional steps to enrich for mature microRNAs while excluding larger
pri- and pre-microRNAs.

Recent studies have examined array platforms and compared the
results with qRT-PCR and/or NGS and they revealed good intra-platform
reproducibility for all technologies [25,26]. However, when differential
expression of a subset of microRNAs included in all platforms
was examined there was little or no concordance [25]. That there are
several potential explanations for these discrepancies (bias due to hybri-
dization or amplification, for example) is perhaps illustrative of the rela-
tively novel nature of the technology and the inherent technical
difficulties.

1.3. Mode of action, mRNA target recognition, and outcome

The first microRNA families examined in detail were reported to interact
with the 3'UTRs of the mRNAs they regulated [27,28]. In a manner
analogous to the development of algorithms for pri-microRNA hairpin
identification, algorithms have been developed to identify potential
mRNA targets of microRNA interaction [27,29]. These algorithms had to
account for the fact that the majority of animal microRNAs (unlike plant
microRNAs) lack perfect base-pairing to their mRNA targets. In most
cases, the regulation of an mRNA is thought to require an interaction
between the 6-8 nt of the microRNA “‘seed region’”” and the target mRNA
sequence, referred to as the ““seed match.” However, other factors such as
the secondary structure of the target mRNA’s 3'UTR or synergistic action
involving other microRNAs may also be important. Consequently, bioin-
formatic analysis and prediction of microRNA binding sites may produce
high numbers of false-positive predictions. Although various prediction
algorithms are predicated upon similar principles, it is not uncommon to
find poor agreement in the results obtained from different prediction
algorithms (reviewed in Ref. [30]). Such prediction programs may ulti-
mately be improved as a consequence of experimental investigation and a
better understanding of microRNA-mRNA interactions. This will enable
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more accurate identification of multiple microRNA target interactions,
critical to the advancement of the field.

Historically, validation of predicted microRNA-mRNA interaction
has involved cell-based experimental techniques, including cotransfec-
tion of the microRNA and a reporter construct, which may not accurately
reflect biological mechanisms. The validation of these individual putative
microRNA-mRNA interactions is time consuming and usually involves
luciferase reporter constructs containing the 3'UTR of interest for each
target [31]. In many cases, a microRNA can have several hundred pre-
dicted mRNA targets. These reporter constructs, which aim to provide
evidence that a particular microRNA can downregulate protein synthesis
through interaction with the target mRNA, are not definitive. Indeed in
some cases, artificially high levels of the transfected microRNA and the
use of a fragment of 3'UTR potentially lacking secondary structure may
call into question the validity of the results.

The majority of studies involving microRNA function have focused on
the 3'UTRs of mRNAs. However, there is emerging evidence that micro-
RNAs may also target coding regions and introns of an mRNA [32,33].
Another dogma for predicting microRNA binding sites, the importance of
cross-species conservation, has also been challenged. Recently, several
mouse microRNA binding sites have not been found to be conserved in
other organisms [32].

Additional evidence suggesting the importance of non-3'UTR micro-
RNA binding sites comes from a study identifying microRNA-mRNA
interactions in vivo, which found that 25% of the mRNA binding
sequences identified in the mouse brain were in coding regions of the
mRNA [34]. This study used an alternative method to the widely used
reporter construct assays for identification of microRNA-mRNA interac-
tions. The technique is called high-throughput sequencing of RNAs
isolated by cross-linking immunoprecipitation (HITS-CLIP) [34]. In this
method, Argonaute (an important component of the RISC) is covalently
cross-linked to mRNA and immunoprecipitation of these complexes is
followed by high-throughput sequencing of the cross-linked RNA spe-
cies. Bioinformatic analysis is then used to identify microRNAs as well as
potential seed matches in mRNAs. While this method does not identify
one-to-one relationships for microRNA-mRNA interactions, it is a signif-
icant improvement over existing prediction programs. It greatly reduces
the number of false positives and restricts potential mRINA target sites to
the 45-60 bases of the Argonaute interaction [34].

In cases where microRNAs mediate endonucleolytic cleavage of their
target mRNAs, another experimental approach for identifying micro-
RNA-mRNA interactions has been developed. Called Degradome-Seq
or parallel analysis of RNA ends (PARE) [35], this technique utilizes
high-throughput sequencing and bioinformatics tools to create and
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analyze libraries that contain 3’ cleavage products of mRNAs. These
cleavage products are a result of Argonaute activity and are unique in
that they have a ligation-competent mRNA end with a 5-phosphate
which is not found in other mRNA species. This difference is exploited
to create specific libraries of cleavage products. The sequences of these
cleavage products are then mapped back to the genome and used to
identify matches to known or potential microRNAs [35]. Other methods
that identify microRNA-mRNA interactions have also been described
using variations of this experimental approach [36-39]. As an alternative
strategy to ““Argonaute immunoprecipitation,” labeled synthetic micro-
RNAs have also been used in pull-down assays to elucidate the mRNA
targets of each microRNA [40-42]. Finally, in the tandem affinity purifi-
cation of microRNA target mRNAs (TAP-Tar) method [43], a two-step
procedure is used to isolate microRNA-mRNA complexes from cells
expressing a flag-tag version of Argonaute that have been transfected
with biotinylated microRNA. The microRNA-mRNA complexes are
pulled down with anti-FLAG antibodies and then purified on streptavi-
din beads. The authors claim that this method reduces the background
often seen with single-step pull-down methods.

Recently, an integrated database was developed to facilitate the anno-
tation and analysis of microRNA-mRNA targets that are being identified
by some of these techniques. Called starBase (SRNA target Base), this
database will document and integrate HITS-CLIP and Degradome-Seq
data from several organisms, including humans [44]. At the time of
writing, the methods listed above are relatively novel, and rigorous tech-
nological evaluation is still required to determine any drawbacks and to
identify the most appropriate use for each technique.

2. MICRORNAS IN HUMAN DISEASE

Given the critical role microRNAs are thought to play in the regulation of
cell development, division, and survival, it is not surprising that their
dysregulation has been associated with human diseases. Genome-wide
microRNA and targeted expression profiling experiments have both
identified microRNAs with potential involvement in disease. To date,
most reports have focused on cancer, for example, leukemias [45], hepa-
tocellular carcinomas [46], melanoma [47], and ovarian cancers [48] (also
reviewed in Ref. [49]). The microRNA profiles generated in these studies
have been reported to be able to identify a tumor’s origin, classify its
subtype, and predict survival or response to specific therapies [49,50]. The
majority of these studies simply show associations between microRNA
levels and diseases, but there are examples where the function of a
microRNA has been elucidated and is reported to be involved in the
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development or progression of a disease. One such example is miR-95. Its
upregulation has been associated with colorectal cancer, and it reportedly
functions as an oncogene by increasing cell proliferation via targeting,
and thus downregulating, expression of Sorting Nexin 1 [51].

In addition to oncology, recent reports have focused on other areas
including diabetes [52], cardiovascular [53,54], and autoimmune diseases.
Reports have, for example, suggested a role for miR-375 in type 2 diabetes
[65-57], and its expression profile may ultimately serve as a biomarker of
this disease [57]. Many studies have reported identifying microRNA
profiles associated with various types of cardiac disease [58-61]. Car-
diac-expressed microRNAs are sensitive to changes in clinical cardiac
status, and studies indicate that these changes may be measurable in
peripheral blood, making them potentially valuable biomarkers of heart
disease (reviewed in Ref. [53]).

Emerging evidence also indicates a role for microRNAs in a diverse
range of autoimmune disorders as well as in the maintenance of normal
immune function [62]. Recent reviews have covered developments in
lupus [63] and rheumatoid arthritis [64]. The level of miR-181a, which is
reportedly important in the regulation of B cell and T cell function [62], is
downregulated in pediatric systemic lupus erythematosus patients in
comparison to control subjects [65]. Finally, the significance and thera-
peutic potential of disrupting microRNAs reported to regulate Toll-like
receptors (TLRs) was also recently reviewed [66].

One advantage of investigating microRNA profiles as biomarkers or
for diagnostic applications is their reported stability in both fresh and
archived serum and plasma [67]. The use of microRNA profiles in the
field of diagnostics is also arguably preferable to the use of mRNAs due to
this stability, especially in samples that are difficult to process. For exam-
ple, a study has reported that microRNA profiles were superior to mRNA
profiles when comparing formalin-fixed, paraffin-embedded (FFPE) sam-
ples to fresh malignant melanoma samples [68]. In another analysis,
classification of poorly differentiated tumors by the comparatively less
complex microRNA profile was reported to be more accurate than classi-
fication using mRNA profiles (generated using standard mRNA micro-
array techniques) when applied to the same samples [69]. Another report
claimed that tumor-derived microRNAs in serum or plasma are very
stable and may be used as biomarkers in blood-based detection tests for
cancer [70]. Indeed, the potential for using circulating microRNAs in
cancer detection has resulted in a commercial CLIA (Clinical Laboratory
Improvement Amendments) laboratory test offered by Exiqon/Oncotech.
This test is reported to be capable of classifying stage II colon cancer
patients who may be at significantly higher risk for recurrence and for
whom adjuvant chemotherapy may be warranted. This feature of
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circulating microRNAs and their potential applications is an area of
current intense investigation and is further reviewed in Ref. [67].

3. MICRORNAS AS POTENTIAL THERAPEUTICS

Because of the strong association of microRNAs with cancer progression
and prognosis as well as the regulation of cell proliferation, they have
been investigated as potential therapeutics in cancer treatment (reviewed
in Ref. [71]). However, from a therapeutic intervention point of view,
there is a need to first understand the mechanism by which these micro-
RNAs could be contributing to the disease etiology. For example, the
upregulation of microRNAs could result in inhibition of a tumor suppres-
sor gene or a microRNA itself that functions as a tumor suppressor could
be downregulated. This gain or loss of microRNA expression could be
attributed to gene amplification, transcriptional deregulation, or disrup-
tion of epigenetic mechanisms. Any intervention strategy would then
have to be tailored to the effect of the microRNA, that is, inhibition of
tumor promoters or enhancement of tumor suppressors. Several studies
have attempted to restore the expression of downregulated microRNAs.
For example, stable expression of miR-1258 in brain metastatic breast
cancer (BMBC) cells inhibited the in vitro activity of heparanase, a pro-
metastatic enzyme that is overexpressed in BMBC cells and is associated
with a highly aggressive cancer phenotype [72]. In another example,
expression of miR-16 was reported to be significantly reduced in most
prostate tumors compared to normal prostate tissue, and this reduced
expression was associated with rapid tumor growth [73]. Systemic deliv-
ery of miR-16 using atelocollagen (a highly purified low immunogenicity
form of collagen) as a delivery vehicle resulted in restoration of miR-16
expression in a mouse model of bone-metastatic human prostate cancer
[73]. Finally, since most cancers reportedly show a decrease in global
microRNA expression, a recent study used the fluoroquinolone antibac-
terial compound enoxacin, 1, to enhance microRNA biogenesis. The res-
toration of global microRNA expression was shown to inhibit the growth
of several cancer cell types and is supposedly a consequence of enoxacin
binding to the TARBP (TAR RNA binding protein 2) [74].
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Approaches for disrupting the function of aberrantly upregulated
microRNAs involve the use of antisense oligonucleotides that are com-
plementary in sequence to the mature microRNAs they are intended to
target and inhibit [75,76]. Called antagomirs, these single-stranded oligo-
nucleotides typically incorporate modified nucleosides such as 2’-meth-
oxyribonucleosides or LNAs, 2 and 3, respectively (below). These
chemical modifications increase the thermal stability of the antagomir—
microRNA duplex. They also help protect the antagomir from nuclease
degradation. Since a single microRNA can potentially have multiple
target mRNAs, an antagomir against a single microRNA could potentially
increase the expression of multiple genes and increase the activities of
multiple associated pathways. Thus, in addition to the issue of antagomir
delivery in vivo, the potential for producing undesired effects will need to
be addressed if antagomirs are to be a safe and effective therapeutic.
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Antagomirs that are complementary to the entire 22 nt microRNA can
potentially partially hybridize to multiple microRNAs. Incorporation of
LNAs can help address this specificity issue. Since LNA oligonucleotides
have reduced conformational flexibility and hybridize to target micro-
RNAs with increased thermal stability [40], LNA-containing antagomirs
as short as 15 nt in length are capable of inhibiting microRNA function.
Recently, such a 15-nt LNA-containing antagomir targeted against miR-
122 was shown to successfully suppress viremia in chimpanzees chroni-
cally infected with hepatitis C virus (HCV), demonstrating the feasibility
of using this type of microRNA inhibitor as a therapeutic [77]. Since miR-
122 is a host microRNA which appears to be essential for HCV infection, it
may be an ideal therapeutic target in that viral escape through adaptive
mutations is unlikely. The miR-122 LNA antagomir exhibited good phar-
macokinetic (PK) and safety profiles in primates in this study [77]. In
Phase I clinical studies, the antagomir was well tolerated and
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demonstrated dose-dependent pharmacology. It is currently being eval-
uated in HCV infected patients in Phase II studies.

Another approach reported to inhibit microRNA function in cell lines
and transgenic organisms uses microRNA ““sponges.” These are tran-
scripts expressed from strong promoters that contain multiple tandem
binding sites specific for the seed region of the microRNA of interest
[78,79]. Sponges can be designed with binding sites that are complemen-
tary to the seed region. Alternatively, these binding sites may contain
mismatches in the middle of the seed match. Sponge designs with mis-
matches are thought to be more effective because they reportedly form a
more stable interaction with the microRNA [79]. Testing microRNA
sponges with 6-18 microRNA binding sites indicated that increasing the
number of binding sites above 6 produces a marginal increase in activity
[78]. While the approach has potential, it should be noted that because the
inhibition is based on the seed match, this method may inhibit activity of
whole families of microRNAs which share a common seed region. This
could significantly increase any off target effects by disrupting other
pathways and/or mRNAs.

4. CONCLUSION

MicroRNAs have a significant regulatory role in post-transcriptional gene
expression. While some microRNAs are only required during develop-
ment, other microRNAs appear to be important for normal cell homeo-
stasis and as such, their dysregulation may contribute to human disease
[80-83]. A deeper understanding of their ability to act as regulatory
switches which control individual mRNAs and associated pathways is
beginning to emerge. However, it should also be noted that this is a
relatively novel and rapidly developing field and one for which the
rules are still being defined.

The identification of aberrant expression of an individual or small
group of microRNAs suggests the potential of microRNAs to serve as
biomarkers. MicroRNAs are relatively stable, their expression may not
fluctuate as much as that of mRNA molecules, and as they are fewer in
number, they present a possibly less complex profile. However, current
laboratory techniques for accurately quantitating and discriminating
between microRNAs, particularly closely related family members, may
need to be improved.

While the importance of microRNAs as a class of regulatory molecules
is undisputed, the function of most individual microRNAs remains to be
determined. Current techniques for determining microRNA function can
be slow and labor intensive. In addition, methods for identifying their
putative mRNA targets are fraught with many difficulties and challenges.
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Fortunately, these areas are currently the subjects of intense scientific
focus, and new techniques such as HITS-CLIP and PARE have been
developed. Continued research in these areas will undoubtedly lead to a
better understanding of the role of microRNA dysregulation in human
disease and facilitate the identification of new gene targets and therapeu-
tic modalities for their treatment.
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