Drug Discovery Today * Volume 15, Numbers 17/18 * September 2010

]

ELSEVIER

REVIEWS

Cancer therapy via modulation of micro
RNA levels: a promising future

Satya K. Kota" and Savithri Balasubramanian®

" Institute of Molecular Genetics, CNRS, UMR5535, 1919 route de Mende, 34293 Montpelier, Cedex 5, France
2Transplant Institute, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, MA 02115, USA

Micro RNAs (miRNAs) are a class of naturally occurring ~22 nt long non-coding small RNA molecules
that regulate the expression of a wide range of genes involved in development, growth, proliferation and
apoptosis. miRNAs are evolutionarily conserved from plants to animals, and they regulate and fine-tune
a diverse array of biological processes. Recently, they have been shown to act as either oncogenes or

tumor suppressors in a wide variety of tumors. Here, we review the studies that document the role of
miRNAs as key players in human cancer and the potential therapeutic modality of exploiting miRNAs for

cancer prognosis and treatment.

Introduction

Achieving a complete cure for all types of cancer remains a
challenge today, and finding effective anti-cancer therapeutic
modalities is one of the major focuses of research worldwide.
Active research ranges from cytokine therapy to cancer-specific
nanoparticle delivery that promises effective combat against can-
cer. One of the recent areas at the forefront of modern biology is
the non-coding RNAs, specifically the micro RNAs (miRNAs; see
Glossary). miRNAs belong to a large family of non-protein-coding
RNA molecules that comprises small interfering RNA (siRNA),
miRNA, tasiRNA, natsiRNA, tncRNA, scnRNA, rasiRNA, piwi-inter-
acting small RNA, and so on [1]. The discovery of miRNA occurred
in 1993, when Lee et al. [2] reported that the Caenorhabditis elegans
gene lin-4 coded for a small antisense RNA complementary to a
developmentally regulated protein-coding gene lin-14. Since then,
several miRNA genes have been cloned and shown to be evolu-
tionarily conserved from plants to humans and as negative reg-
ulators of gene expression [3]. The finding of miRNAs preceded the
actual discovery of the phenomenon of RNA interference in 1998
[4], and the existence and mechanisms of biogenesis of several
classes of small RNAs have been worked out in great detail [5].
Today, our understanding of miRNA has expanded many times
over, from the biology of miRNA synthesis and dysregulation of
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miRNA expression in many types of cancer to targeting miRNAs
for therapy.

miRNAs as novel regulators of gene expression
miRNAs are ~22 nt long small RNA molecules expressed in both
plants and animals; they negatively regulate gene expression by
binding to perfect or nearly perfect complementary sequences
present at the 3’ UTR of target genes. Two major mechanisms
have been ascribed to miRNA-mediated gene repression, both of
which are post-transcriptional. The first and the predominant
mechanism is one in which miRNAs block the translation of gene
transcripts by binding to the 3’ UTR, resulting in the accumulation
of stalled polyribosomes [6]. The major hallmark of this phenom-
enon is that only the protein level of the target gene is altered, not
the transcript. In the second pathway, binding of miRNAs to the
target sequence leads to the degradation of the transcript [7], in a
process executed by the machinery employed by the siRNAs. Apart
from these two common modes of action, miRNAs are also
reported to be involved in transcriptional gene silencing [8].
Most miRNAs are transcribed by RNA polymerase II as capped,
polyadenylated large RNA precursors [9] called primary miRNAs,
which are processed in the nucleus by an RNase III enzyme called
Drosha [10] aided by its co-factor protein (Pasha, or DGCRS). The
product of Drosha action is 70 nt long RNA molecules named
precursor miRNAs (pre-miRNAs), which form imperfect stem-loop
structures (Fig. 1). These pre-miRNAs are transported into the
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GLOSSARY

Antisense-mediated inhibition. Use of antisense
oligonucleotides to quench small RNAs through
complementary binding. They are usually modified at the
ends to enhance stability.

AntagomiRs Antisense oligonucleotides complementary to
miRNAs that are upregulated in cancer tissues. AntagomiRs
are usually modified at the ends to enhance stability and
thermodynamics of binding.

Asymmetric siRNA (asiRNA) Second-generation RNAi
effector designed to favor antisense strand selection by
ways such as introduction of unilateral overhangs in the
ends of the antisense strand. Shown to reduce off-target
effects.

Micro RNA (miRNA) miRNAs are small 22 nt long RNA
molecules that are processed from long double-stranded
hairpin duplex in a process similar to siRNA, but they act
through translational repression via imperfect biding to the 3’
UTR of target mRNA.

miRNA replacement therapy. Administration of sense
microRNA oligonucleotides or to supplement the lowered
levels of specific miRNA in cancer tissues.

OncomiRs MiRNAs whose expression levels are specifically
upregulated or downregulated in cancer tissues compared
with normal counterparts.

Piwi-interacting small RNA Piwi-interacting small RNAs
are similar to rasiRNA in terms of biogenesis but are not
produced from repeat associated regions in the genome.
They are implicated in transposon control in germlines,
although the precise mechanism is not well characterized.
RNA:DNA chimeric duplex Second-generation RNAi effector
wherein parts of the dsRNA are replaced with cognate
deoxynucleotide and are shown to eliminate off-target
effects.

Small interfering RNA (siRNA) siRNAs are small 18-22 nt
long RNA molecules that are processed from long double-
stranded hairpin duplex. They act primarily through targeting
mRNA cleavage through perfect complementarity in the
coding region.

Small internally segmented RNAi Second-generation RNAi
effector wherein the sense strand is internally segmented
and held together by locked nucleic acid. Shown to reduce
off-target effects mediated by sense strand.

Tandem hairpinRNA Delivery of multiple shRNA effectors
can be achieved using tandem hairpinRNA, wherein two or
more shRNAs are placed in tandem. Suggested to have
reduced exportin-5-mediated toxicity.

cytoplasm via the exportin-5 complex [11] and, subsequently,
processed by another RNase III enzyme, Dicer, to produce 22 nt
long mature miRNAs [12]. The double-stranded mature miRNAs
are then bound by a protein complex including Ago and other
dsRNA-binding proteins, such as TRBP, to form the miRNA-asso-
ciated RNA-induced silencing complex (miRISC) [13]. On the basis
of relative thermodynamic stability of the miRNA strands, one
strand is selected to be the guiding strand or the miRNA and the
other strand is degraded [14]. The guiding strand is selectively
retained on the RISC complex, which directs the binding of
miRNA to its complementary sequence at the 3’ UTR of the target
transcript. The pathway of miRNA biogenesis and the mechanism
of action of miRNAs largely overlap with those of siRNA [15]. There
are some major differences between miRNA and siRNA pathways,

however: (i) miRNA binds to non-perfect complementary
sequences in the target transcript, whereas siRNAs require perfect
sequence complementarity [5]; (ii)) miRNA-binding sites mostly
occur at the 3’ UTR of the transcript, whereas siRNA-binding sites
occur at the transcript-coding region [16] (it is important, though,
to mention that recent studies suggest that miRNAs could bind to
target sites in the coding region of target mRNA as well [17,18]);
and (iii) siRNAs are highly specific to individual gene targets,
whereas a single miRNA can bind to multiple transcripts and, in
addition, each gene target can have multiple miRNA-binding sites
[19]. Not only is the mechanism of action of miRNA fascinating,
but also control of their expression seems to be complex; it is
mediated by both transcriptional and post-transcriptional
mechanisms, including (but not limited to) regulation of miRNA
processing, nuclear export and miRNA editing [20].

OncomiRs

With the discovery of lin-4 and let-7, thousands of miRNAs have
been cloned and demonstrated to regulate several biological pro-
cesses, including development [16,21], growth [22] and apoptosis
[23]. The pattern of miRNA expression varies among different
tissue lineages [24] and within each cell type, and the expression
varies as the cell responds to different environmental cues. Because
they influence a wide variety of biological processes, miRNAs have
emerged as biomarkers of distinct biological states such as cancer-
ous vs. normal tissues [25,26], differentiated vs. stem cells [17,27],
and so on. Literature has documented several miRNAs that are
either upregulated or downregulated in cancer cells, which are
collectively termed ‘oncomiRs’ [28]. In recent years, however,
consensus has emerged that there is a global downregulation of
miRNAs in cancer tissues compared to their normal counterparts,
suggesting that most of the miRNAs might act as tumor suppres-
sors, the prominent ones being let-7 family miRNAs [29] and the
pS3-regulated miR-34 family [30]. Recently, several miRNAs have
also been shown to be amplified or upregulated in cancer cells and
function as oncogenes [31]. Notable examples include the miR17-
92 cluster, which is amplified in lymphomas and lung cancer
[32,33], and miR-21 upregulation in many solid tumors, including
pancreas and breast cancers [34]. The list of oncomiRs is growing
longer (Fig. 2), with many of them being validated in vitro and in
vivo in mice models; this, together with human patient studies,
should enable us to identify potential miRNA targets for cancer
therapy.

miRNA in cancer prognosis

miRNA profiling of cancer and normal tissues has emerged as a
powerful means to diagnose, classify tumor type and tumor grade,
and offer valuable prognostic details for various cancers [25,26].
miRNA profiling can be achieved by various techniques, including
microarray [32], quantitative PCR [35], and bead-based flow cyto-
metry assays [25]. Non-invasive methods including detection of
miRNAs in cancer patient sera or urine are emerging as novel
methods of cancer diagnosis and prognosis. For example, serum
levels of miR-155, miR-210 and miR-21 hint at a reliable diagnosis
of diffuse B-cell lymphoma and relapse-free survival, as reported by
Lawrie et al. [36]. Similarly, urinary levels of miR-126 and miR-182
have been found to be diagnostic markers for urinary bladder
cancer [37]. Large-scale patient sample studies attest to the
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FIGURE 1

miRNA biogenesis and action. miRNAs are transcribed by polymerase Il as long stem-loop transcripts — namely, primary miRNAs (pri-miRNAs) — and are processed
by RNase Il enzyme DROSHA into precursor miRNAs (pre-miRNAs) in the nucleus, exported into cytoplasm by EXPORTIN-5. In the cytoplasm, pre-miRNAs are
further processed to 21-23 nt long mature miRNAs by DICER. The guide strand of miRNA duplex is then loaded onto the RNA-induced silencing complex (RISC)
containing Argonaute proteins (AGO), forming miRISC. The sequence homology of guide miRNA to the target facilitates recruitment of specific miRISC to the
target. This is followed by either target degradation or translational repression resulting in the silencing of the target gene expression.

usefulness of miRNA profiling in cancer prognosis and responsive-
ness to therapy. In a study of non-small-cell lung cancer, the
expression level of miR34a, a direct pS3 target, emerged as a
reliable prognostic marker for the relapse of the disease [38]. In
this study, both cancer and normal tissues were analyzed from 70
surgically resected patients with no post-surgical treatment until

relapse. Both lower expression and promoter methylation of miR-
34a were found to be associated with non-small-cell lung cancer
relapse. A cohort study involving 455 liver cancer patients found
that overall, those whose tumors had higher levels of miR-26 lived
four years longer than those with lower levels of miR-26 [39]. In
addition, in this study, it was found that those having low miR-26
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FIGURE 2

Potential miRNA targets for cancer therapy. The figure summarizes some of the miRNAs that are reported to be upregulated (upward arrow) or downregulated
(downward arrow) in various cancers (organ) and have been shown to alter cell growth, apoptosis or invasiveness of the cancer cells. The literature references are
provided alongside each miRNA. miRNAs that serve as oncogenes could be targeted by antisense-mediated inhibition of the miRNA (—) using antagomiRs or
complementary sequestering sequences, and those that function as tumor suppressors could be targeted by miRNA replacement therapy (+) via overexpression
of mature or primary microRNAs. By employing tested and proven nucleic-acid-based therapeutic agents (anti-miRs and miRNA mimics), targeted regulation of
miRNA levels in cancer tissues could be achieved, resulting in possible cancer therapy.

levels responded to interferon alpha therapy and lived 7.5 years Not only the levels of miRNAs but also the levels of small RNA
longer than those who did not receive the therapy. Furthermore, processing enzymes Dicer and Drosha reflect the oncogenic status
women have higher levels of miR-26 in liver tissues compared to of a cell. Merritt et al. [40] reported that the mRNA levels of Dicer
men and are less susceptible to liver cancer. and Drosha were reduced in 50-60% of ovarian cancers, which
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directly correlates with their protein level. Low Dicer level was
found to be associated with high-grade tumor, and increased levels
of Dicer and Drosha are associated with increased median survival.
Similarly, Karube et al. [41] reported that reduced level of Dicer
expression in lung cancer has a profound prognostic value in
determining the survival of surgically treated patients.

Single-nucleotide polymorphism (SNP) analysis of miRNA-
binding sites in target genes has revealed prognostic details in
various cancer types. He et al. [42] reported that in papillary
thyroid cancer cells, miR-221 target KIT has harbored SNPs in
the 3’ UTR corresponding to the miR-binding site. Another study
[43] found a prevalence of SNPs in KRAS, a well known oncogene
and a target of let-7, in ~20% of the non-small-cell lung cancer
patients. A recent report shows the association of genetic variation
in the miRNA sequence with breast cancer risk. The SNP rs895819
is located in the terminal loop of pre-miRNA 27a, an oncogene,
and predicted to block the maturation of miR-27a and, therefore,
affect cancer risk [44]. SNPs in pre-miRNAs of hsa-mir-146a, hsa-
mir-149, hsa-mir-196a2 and hsa-mir-499 affect their processing
and are associated with breast cancer risk [45]. Thus, miRNA
expression levels and allelic information about miRNAs and their
targets are emerging as useful tools to predict cancer risk, cancer
grade, therapeutic responsiveness and overall prognosis of the
disease. Validated miRNAs and their targets could serve as poten-
tial biomarkers in cancer screening measures.

miRNAs as therapeutic targets

With the advances in understanding of the biological network of
several miRNAs that plays a crucial part in a wide range of tumors,
there has been steep progress in targeting these miRNAs to effec-
tively stall tumor progression in vivo in mice. These studies
promise an immediate translation into a powerful modality of
treating human cancer when coupled with human patient studies
and research to enhance biosafety, bioavailability and pharma-
cokinetics of miRNA-or -pathway targeting molecules. The
miRNA-targeting approach comprises miRNA inhibition therapy
and miRNA replacement therapy, which are discussed in detail
below. Cancer tissues are marked by specific upregulation or
downregulation of certain miRNAs compared to normal tissues.
Use of anti-miRNA oligonucleotides (antagomiRs) against onco-
genic miRNAs that are upregulated in cancers and miRNA repla-
cement therapy for tumor suppressor miRNAs that are
downregulated specifically in tumors, therefore, are to be well
tolerated by normal tissues without any adverse effect (Fig. 2). As
more details emerge from studies of individual miRNA and its role
in oncogenesis, progression or suppression, as well as its inter-
acting network in specific cancer type, miRNA-based cancer ther-
apy is likely to be a far-reaching modality for cancer therapy in the
near future.

Antisense-mediated inhibition of oncogenic miRNAs

A lot of research has been done on exploiting siRNA-based ther-
apeutic modalities in the past decade, and antisense oligonucleo-
tide (ASO)-based inhibition of oncogenic miRNAs has been a
straightforward approach to relieve target repression from miR-
NAs. ASOs could potentially be designed to block Watson—Crick
base pairing at any of the several important intermediary steps
during the biogenesis and action of miRNA, including blocking

miRNA processing, miRNA loading onto RISC and/or miRNA
pairing with target mRNA. Strand replacing oligonucleotides that
are complementary to the guiding strand of the miRNA duplex are
the most obvious choice of ASO-mediated miRNA inhibition.
Several in vitro and in vivo mice studies have used chemically
modified ASOs against oncogenic miRNAs to induce cancer cell
death and inhibit tumor proliferation, migration and invasion.
For example, inhibition of miR17-5 and miR-20a belonging to the
miR-17-92 miRNA cluster (which are overexpressed in B-cell
lymphomas and lung cancer) using ASOs resulted in the induc-
tion of apoptosis in lung cancer cells [46]. In a similar study,
Sylvestre et al. [47] found that the inhibition of the miR17-92
cluster using ASOs conferred apoptosis of prostate cancer cells by
relieving the translational repression of E2F family proteins. Like-
wise, ASO against miR-21 (which was found to be differentially
overexpressed in breast cancer cells) resulted in the inhibition of
breast cancer cell growth both in vitro and in vivo in a xenograft
model [48]. The inhibition of cell proliferation was accompanied
by increased cellular apoptosis. Recently, Segura et al. [49]
reported that antisense-mediated repression of miR-182 resulted
in the inhibition of melanoma invasion and also induced cell
death.

Besides antisense-mediated inhibition of oncogenic miRNAs,
another technique has emerged as an effective way to quench the
higher levels of these miRNAs: namely, miRNA sponges [50]. In
this approach, specific miRNA target sequences are cloned in
multiple copies in tandem at the 3’ UTR of a transcript that is
driven by a strong promoter. Essentially, upon transfection into a
tumor cell, such a construct should act as a sponge for the
respective miRNA that is targeted and relieve its natural target
from repression. Recently, a miRNA sponge against miR-9, an
oncomiR found to be upregulated in breast cancer cells and
implicated in cancer metastasis, effectively abrogated the inva-
siveness of the tumor cells [51].

miRNA replacement therapy
In this approach, miRNAs that act as tumor suppressors and are
generally downregulated in tumors are replaced by exogenous
administration of synthetic miRNAs (i.e. pre-miRNAs or mature-
miRNAs). Let-7 is a proven tumor suppressor miRNA that is down-
regulated in several cancer types — including ovarian, prostate,
lung, breast, pancreas, melanoma, mesothelioma and lymphoma -
and apparently also in cancer stem cells. In a recent study, exo-
genous delivery of let-7 to established tumors in a mouse model of
non-small-cell lung cancer led to the reduction of tumor burden
[52]. In this study, let-7 oligonucleotide was delivered intra-tumo-
rally, resulting in the regression of non-small-cell lung carcinoma,
suggesting that miRNA replacement therapy could be a potential
way of treating these tumors in humans in the future. In addition,
anti-let-7 treatment exacerbated the tumor growth corroborating
the phenotype of let-7 replacement therapy. This study and
reports from other groups [53] suggest that let-7 acts as a tumor
suppressor through direct repression of KRAS, HMGA2 and c-myc
oncogenes.

miR-34, a direct target of pS3, has been implicated as a tumor
suppressor often downregulated in a variety of cancers, including
gastric cancer, pancreatic cancer, human glioma and medulloblas-
toma [54] and targets Bcl2, Notch and HMGA2. In human gastric
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cancer cells, introduction of miR-34 mimic (oligonucleotide) by
transfection or by lentiviral-mediated delivery resulted in cell-
cycle arrest at G1 and impaired cell growth, sensitized the cells
to cell-death-inducing agents and reduced tumorsphere formation
[55]. In an interesting study reported by Kota et al. [56], miR-26a
underexpressed in hepatocellular cancers when delivered by
adeno-associated viral delivery system potently suppressed tumor
progression. In this cancer model, miR-26a does not target the
tumor-initiating oncogene but directly targets cyclins D2 and E2
and induces G1 arrest in human liver cancer cells. In addition,
miR-26a administration induced tumor-specific apoptotic path-
way, as normal cells express high levels of miR-26a.

In yet another study, systemic delivery of miR-16, which is
downregulated in prostate cancer cells, was shown to reduce
cancer cell proliferation [57]. miR-16 complexed with atelocolla-
gen, when administered systemically via tail vein, prevented
growth of prostate cancer cells in a bone metastasis model in
mice, indicating the therapeutic application of treating advanced
prostate cancer patients with miR-16 replacement therapy.

These findings in mice prove that systemic delivery of tumor
suppressor miRNAs could be a highly tumor-specific therapeutic
modality with no toxicity to normal cells. Further research on
enhancing miRNA accessibility to tumor and half-life would dra-
matically improve the arsenal in the combat against cancer.

The helper role(s) of miRNA in cancer therapy

Not only do miRNAs act as direct effectors in anti-cancer
therapy but also the biological specificity of their action
and tissue specificity of endogenous expression could potentially
be exploited in facilitating specific delivery of lethal anti-cancer
drugs and oncolytic viruses to cancer cells, avoiding the
common cytotoxic effects generally observed in liver and kidney
tissues.

A clever study [58] reported the use of miR-122a target sequence
in an adenoviral ganciclovir delivery vector, with a lowered trans-
gene expression of up to 1500-fold in hepatic tissues compared to
conventional adenoviral vectors. Such suicide gene therapy could
be devised with greater target specificity by using the knowledge of
miRNA expression profiles and their targets coupled with ingenu-
ity to address specific toxicity issues. Similarly, alteration of virus
or vector tropism by inserting specific miRNA target sequence in
the 3’ UTR of replication-incompetent adenoviruses and lenti-
viruses is a promising strategy in targeting cancer cells specifically,
which could be extended to potent oncolytic, replication-compe-
tent viruses. In an elegant study [59], the tropism of a deadly
picornavirus was limited to cancer cells, avoiding the common
side-effect of lethal myositis. This was achieved by attenuating the
replication of the oncolytic virus in muscle cells by inserting a
tandem repeat of miR-303T, miR-206T at the 3’ UTR of the viral
genome. The modified virus retained oncolytic activity, while the
mice were protected from myositis.

In another study, oncolytic herpes simplex virus (a proven
oncolytic virus being tried in many phase I clinical trials to treat
cancer) was engineered to harbor target sequences for miR-143
and miR-145, which are normally downregulated in prostate
cancer cells [60]. The study showed an ~80% reduction of tumor
burden in a xenograft mice model of human prostate cancer, and
the miRNA-regulated viral amplicons were detected specifically in

the tumor cells and not in the normal tissues. Thus, incorporating
miRNA-targeting sequences in therapeutic vectors and viruses
has emerged as a great tool to define specificity and reduce
toxicity.

Stability and delivery modes of miRNA-targeting
molecules

As with any drug delivery system, stability, pharmacokinetics and
the delivery modes determine the success of miRNA mimics or
miRNA ASO-mediated cancer therapy. Over the past decade,
research conducted in the field of siRNA-mediated therapeutic
strategy has resulted in an in-depth knowledge of the ASO-based in
vivo therapeutic issues such as toxicity, stability, specificity, and so
on. Some of the potential ways to enhance miRNA stability include
chemical modifications (such as locked nucleic acid, 2'-O-methyl,
2’-O-methoxyethyl, morpholinos and phosphorothioate modifi-
cations) that have tremendously improved the affinity, stability
and serum half-life of the ASO while preserving their specificity of
binding. An elegant study reported ASOs termed ‘antagomiRs’,
which are cholesterol conjugated and 2’-O-methyl modified [61]
and exhibited improved stability and thermodynamics. In this
study, intravenous administration of antagomiRs against miR-122,
miR-16, miR-192 and miR-194 resulted in specific, long-lasting
reduction in the corresponding miRNA levels in several tissue
types including liver, kidney, lung, heart, bone marrow and mus-
cle. The antagomiR strategy was recently tested in a non-human
primate model, which demonstrated that systemic delivery of
unconjugated locked nucleic acid-modified ASO against miR-
122 effectively antagonized miR-122 levels in liver [62], promising
therapeutic efficacy in humans.

Several different options are available for the delivery of antag-
omiRs and miRNA mimics, including oral, intravenous, subcuta-
neous, nasal, intraocular and gut-directed delivery. Broadly, these
could be categorized into local and systemic [63]; delivery agents
could vary from liposomes, electrotransfer and attenuated viruses
to nanoparticles [64,65]. Recent research in small-RNA-based
therapeutics has yielded several different second-generation
RNAi effectors that improve their stability, effectiveness and
specificity. These include asymmetric siRNA, small internally
segmented RNAi, RNA:DNA chimeric duplex, trans-kingdom
RNAi, pre-miRNA mimics, tandem hairpin RNA [66], and so
on, which could help further the efficacy of miRNA-based cancer
therapeutics.

Future outlook

Currently, small RNA research is at its peak, with much public and
private research focused not only on understanding the biology
but also on advancing the therapeutic use of targeting miRNAs in
treating various human illnesses, from treating viral infections and
correcting cellular metabolism to curing cancer. Thus far, research
conducted in mice, regulating cancer-specific miRNA levels and a
lone primate study employing antisense miRNA strategy are
highly encouraging towards translating into human cancer ther-
apy. Extensive research carried out in the past decade exploring
siRNA-based therapeutic strategies, some having already passed
through several stages of clinical trials, could be valuable in
addressing human-specific issues such as toxicity, availability,
circulating half-life and so on in miRNA-based cancer therapeutic
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approaches. The day when miRNA-based drugs will be used for
the clinical treatment of cancer, which might offer a safe and
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