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Abstract

miRNAS: Master Regulators

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
(nc-RNAs) that are involved in many physiological processes. The
deregulation of miRNAs can cause a number of diseases, including
cancer. The aberrant expression of these master regulators makes
them important as therapeutic targets. Some ncRNA-based
therapeutic modalities that have been developed include miRNA
mimics, antagomirs, and target protectors. Each of these has its
own limitations and challenges that have to be overcome as well
as its own delivery system, but all hold promise in cancer therapy.
There is substantial expectations for clinical application of these
promising technologies in the near future.

The majority of miRNAs are transcribed by RNA polymerase II
from their gene to produce primary miRNA (pri-miRNA); the primiRNA is then processed into mature miRNA by canonical and
non-canonical biogenesis pathways. During the canonical pathway,
precursor-miRNA (pre-miRNA) is generated via processing of
pri-miRNA hairpin by Drosha-DGCR8 (DiGeorge syndrome
critical region 8), a member of the RNase III family [9, 10]. Drosha
includes two RNase II domains that process the 3`- and 5`-strands
of the hairpin structure of pre-miRNA [11, 12]. Pre-miRNAs are
then transported from nucleus to cytoplasm by exportin 5, a RanGTP–dependent double-stranded RNA (dsRNA) binding protein
[13, 14]. Pre-miRNAs are further processed by Dicer, an RNase III
endonuclease that binds to the 2-nt 3` overhang of ds-RNA, and
transactivating response RNA-binding protein (TRBP), resulting
in a 20- to 25-nucleotide miRNA duplex which is loaded into
Argonaute 2 (AGO2)–containing RNA-induced silencing complex
(RISC) to inhibit target gene expression [10, 15]. In the noncanonical pathway, pre-miRNAs are processed through mRNA
splicing machinery [10].

Keywords: miRNA; Nanocarrier; RNA interference.

Introduction
MicroRNAs (miRNAs) are small endogenous non-coding RNAs
(nc-RNAs), usually 19-24 nucleotides in length, that negatively
regulate gene expression by promoting mRNA degradation or/
and translational inhibition [1]. Although the first miRNA, lin-4,
was discovered in Caenorhabditis elegans in 1993, the regulatory
function of miRNAs was not appreciated until 2001 [2, 3]. This
was followed by the first reports in vertebrate [4], mammalian [5],
and human studies [6] of small nc-RNAs, now termed miRNAs.
Beginning in 2004, research findings demonstrated that many
human miRNAs were encoded in regions of the genome associated
with cancer alterations [7], and this led a burst in cancer research,
ultimately showing that miRNAs are deregulated in cancer.
From recent findings showing that some components of the
machinery for miRNA biogenesis are also altered in cancer and
attributing these alterations to miRNAs [8] emerged the clinical
promise of restoring the miRNA to normal levels in disease states.
Increasing evidence suggests that miRNA-based therapies that either
restore or repress miRNA expression and activity hold substantial
potential. However, critical hurdles to the preclinical development
of these therapies involve the delivery of miRNA-targeting agents.
Some limitations of administered miRNAs that may be overcome
by the delivery system include intravascular degradation, tissue and
intracellular delivery, immune-mediated toxic effects, disruption
and saturation of endogenous RNA machinery, and nano carriermediated toxic effects. Delivery systems that have been shown
to have potential for clinical applications are discussed in a later
section.

miRNAs negatively regulate gene expression by binding to the 3`untranslated region (UTR); they also have been shown to bind,
rarely, to the 5`-UTR or the open reading frame of mRNA, leading
to translational repression and/or mRNA degradation depending
on the complementarity between miRNA and target mRNA [1,
16]. Furthermore, miRNAs regulate gene expression not only at
the translational level but also at the transcriptional level through
binding to DNA-regulatory elements in certain conditions [16, 17].
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miRNAs can act as oncogenes or as tumor suppressors, inhibiting the
expression of cancer-related target genes and thereby promoting or
suppressing tumorigenesis [18]. The miRNAs whose expression is
elevated in tumors may be considered oncogenes. These oncogenic
miRNAs, called oncomiRs, usually promote tumor development
by inhibiting a tumor suppressor genes and/or a gene that controls
cell differentiation or apoptosis [19]. In contrast, the expression of
some miRNAs is decreased in cancer cells, and these are considered
tumor suppressor genes. Tumor suppressor miRNAs usually
prevent tumor development by inhibiting an oncogene and/or a
gene that controls cell growth, differentiation, or apoptosis [20].

miRNAs as Therapeutic Tool
Small inhibitors such as chemical compounds, natural products,
and antibodies have shown good potential efficacy in the treatment
of cancer, but use of some genes and/or protein products for cancer
therapy is limited by their inaccessibility by these approaches; these
genes or proteins are termed “undruggable” [21, 22]. The ncRNAbased therapeutic agents offer the advantage of reaching their
protein targets by inhibiting the miRNA or protecting the RNAtarget sequences.
miRNAs work in a sequence-specific manner, binding to the
mRNA-complementary sequence. Because of this specificity,
they are considered a new therapeutic approach. An emerging
characteristic of cancer is the downregulation of expression of
tumor-suppressing miRNAs [23-25]; since their expression levels
are decreased in cancer, it is possible to restore their expression by
external delivery via suitable nano carrier.
Several studies have reported that the miR-34 family of miRNAs act
as tumor suppressors in the p53 network [26]. p53 transcriptionally
induces the miR-34 family in response to cell-mediated stresses
[26]. Overexpression of miR-34 leads to cell cycle arrest, apoptosis,
and cellular senescence by post-transcriptional repression of the
target genes [26]. Gaur and colleagues demonstrated that chitosan
nanoparticle–mediated delivery of miR-34a decreased established
prostate tumor growth in the bone and preserved bone integrity.
miR-34a–induced cell death was mechanistically mediated by
apoptosis along with a form of autophagy that inhibited prostate
cancer cell proliferation through a mechanism independent of
expression of Beclin-1, ATG4, ATG5, or ATG7 [27].
Surprisingly, some miRNAs behave as a tumor suppressor in one
cancer and as an oncomiR in another cancer [16]. The miR-200
family, for example, inhibited formation of the distant metastasis in
lung cancer but triggered metastasis in breast cancer models [2830]. Increasing evidence has also suggested that the miR-200 family
of miRNAs act as endogenous inhibitors of angiogenesis [30].
Delivery of miR-200 family members via DOPC-nanoliposomes
into tumor endothelium resulted in marked reductions in metastasis
and angiogenesis and induced vascular normalization. The role of
miR-200 in blocking cancer angiogenesis in a cancer-dependent
context defines its utility as a potential therapeutic agent [30] .
Among oncomiRs, miR-221 and miR-222 have been shown to be
involved in different types of cancer. A common observation is
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that at least one of these two miRNAs is significantly upregulated
in tumors compared to normal tissues, and often their expression
marks the most aggressive forms of human solid tumors. The
molecular basis of their ‘‘oncogenic’’ role was clarified in prostate
carcinoma cells, through the discovery of their target mRNA,
p27kip1, a negative regulator of cell cycle progression, and
this finding has been confirmed in most forms of cancers that
overexpress miR-221/222 [31]. Catuogno and colleagues, in a very
elegant experiment, used RNA-aptamers as carriers for cell-targeted
delivery of anti-miRNA molecules (antimiRs). They designed two
different conjugates using two aptamers as carriers that bind and
antagonize cancer-associated receptor tyrosine kinases Axl and
PDGFRβ. They conjugated the tumor suppressor antimiR-222
to each aptamer, demonstrating effective and selective delivery
to receptor-expressing tumor cells and increasing the expression
of miR-222–targeted mRNAs; they also observed functional
synergy between the kinase inhibitory aptamer and the antimiR
antagonizing functions and, in U87MG tumor-bearing mice
treated with GL21.T-222, substantial reduction of tumor volumes
as compared to mice treated with control aptamer [32].
An approach to affecting only certain miRNAs targeted by
mRNAs is to use RNA-binding antisense oligonucleotides. Target
protectors are complementary to miRNA binding sites in the 3'UTR of specific genes, thus preventing miRNA access to those sites.
These specialized oligonucleotides have recently been reported to
interfere with miR-430–mediated repression of specific 3'-UTRs in
zebrafish [33].
Most of the approaches for miRNA-based therapies have been tested
in tissue cultures in vitro. Key impediments remain to be overcome
before they can transition to the clinic. One of the greatest of these
impediments is delivery challenges.

Delivery Systems for MicroRNA-Based Therapeutic :
Strategies and Challenges
RNAs are extremely susceptible to serum exonucleases and
endonucleases, which shorten their half-life in serum [34, 35]. When
miRNAs are delivered in vivo, unmodified miRNAs are degraded
within a half-life of minutes [36]. The 3` and 5` caps of miRNA
may not be sufficient to prevent rapid degradation of miRNAs
against nucleases [36]. Poor stability is one of the crucial obstacles
to administering unmodified miRNAs as therapeutic agents [36].
Chemical modifications such as a ribose 2`-OH group backbone
and locked and unlocked nucleic acids have been developing to
increase miRNA stability in serum and bioavailability [37].
Modification of the ribose 2`-OH group is preferred to modification
of other groups, because the 2`-OH group is not required for
silencing activity of siRNAs and miRNAs; its substitution with 2`fluoro, 2`-O-methyl, or 2’-O-methoxyethyl may enhance nuclease
stability and reduce immune activation [24]. Locked nucleic acids
(LNA) are a class of bicyclic RNA analogues in which the furanose
ring in the sugar-phosphate backbone is chemically locked with a
methylene bridge connecting the 2`-O with 4`-C [25]. Although
LNA modifications enhance the resistance of miRNAs to serum
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nuclease degradation, several LNA modifications may inhibit
miRNA efficiency in vitro and in vivo [20, 26].

in a marked decrease in tumor burden compared with delivery of
control miRNA [30].

The strategy of backbone modification is to substitute the
phosphodiester backbone linkages with another type of linkage
such as a phosphorothiate (PS) backbone to increase the stability
of miRNAs against degradation by nucleases in serum [27]. The
PS modification, which replaces the sulfur atom with the nonbridging oxygen in the phosphate backbone of miRNAs, reduces
renal clearance and urinary excretion [20, 27]. Moreover, it has
been shown that the PS modification may slightly increase miRNA
toxicity and decrease gene silencing [28].

The aptamer-chimera is the other advanced delivery system tried
in the study of multifunctional aptamer-miRNA conjugates for
targeted cancer therapy. Esposito and colleagues conjugated the
let-7g miRNA to GL21.T and demonstrated selective delivery to
target cells processed by the RNA interference machinery and
silencing of the let-7g target genes. Importantly, the multifunctional
conjugate reduced tumor growth in a xenograft model of lung
adenocarcinoma [47].

Besides stability, biodegradability, and non-immunogenicity, the
delivery of oligonucleotides is still one of the major challenges
for their use as therapeutic agents. The ideal delivery systems for
miRNAs facilitate their reaching the target site, uptake by cells,
and escape from lysosomal degradation and endosomes [38].
Since oligonucleotides also have limited tissue distribution, several
delivery systems have been developed, such as viral vectors and
non-viral vectors [35].
Viral vectors used for miRNA delivery comprise lentiviruses,
adenoviruses, and adeno-associated viruses [39-41]. Because the
transduction efficiency of viral vectors is high, approximately
70% of all gene therapy is based on viral delivery systems [35, 42].
Although viral vectors are genetically engineered for removal of
virulence factors, there are still safety concerns about the usage of
vectors because of their immunogenicity [35].
To avoid this problem, a wide array of delivery assistance systems
have been used successfully to improve miRNA uptake following its
administration, including liposomes, polymer-based nanoparticles,
peptides, antibodies, and small-molecule ligands. Polymer-based
and lipid-based systems are two major non-viral delivery systems
for oligonucleotides [35]. Liposome-mediated delivery systems
are preferred because of their low toxicity and high efficiency [35].
One of the most successful approaches to avoid toxic effects has
been incorporation of nc-RNA into neutral nanoliposomes based
on 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) [43-45].
This nanoliposomal preparation is 10-fold more effective than
cationic liposome-based DOTAP in delivery of nc-RNA and 30fold more effective than delivery of naked nc-RNAs. For example,
miR-506 sensitized cells to DNA damage through directly targeting
the dsDNA damage repair gene RAD51. Systemic delivery of
miR-506 via DOPC nanoliposomes in female athymic nude mice
significantly augmented response to cisplatin and olaparib [44].
Another successful polymer-based delivery system is chitosan,
a biodegradable polysaccharide that has low toxicity and high
transfection efficiency. Chitosan structure modification (i.e.,
additive incorporation) is an effective way to improve the stability of
the polyplex in biological fluids, enhance targeted cell delivery, and
facilitate endolysosomal release of the complex [46]. For example,
to enhance tumor endothelial targeting, Pecot and colleagues used
RGD-labeled chitosan nanoparticles that bind to avb3 integrin.
This study reported that the delivery of miR-200 members resulted

Recently, the advantageous features of both lipids and polymers
have been combined. Lipolyplexes are arising as a new-generation
delivery system for oligonucleotides [35, 48]. Other combinations,
such as polymers with aptamers or peptides, are still under
investigation.

Conclusion and Future Perspectives
It has already been more than a decade since the discovery of the
RNA interference phenomenon. miRNA-based constructs hold
great promise as a therapeutic approach to “undruggable” targets.
So far, however, the stability, biocompatibility, and toxicity, as well
as the delivery systems, remain substantial obstacles for miRNAbased therapeutic modalities. To overcome these problems,
chemical modifications of miRNAs and biocompatible delivery
systems are developing rapidly, some of which have the potential
for clinical application of miRNAs. The current body of research in
genomics, rational design strategies, selection algorithms, chemical
modifications, nanocarriers, and targeted therapies offer significant
opportunities to overcome these challenges.
The first clinical trial of a therapeutic miRNA, a liposomal MRX34
formulation for the treatment of solid tumors and hematological
malignancies, started in 2013, and two other clinical trials are
currently ongoing. Still more studies are needed, however, before
miRNAs can be fully integrated into cancer therapy.
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