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ABSTRACT MicroRNAs (miRNAs) are small physiological
non-coding RNAs that regulate gene expression through an
RNA interference (RNAi) mechanism. The expression of
miRNAs is tightly controlled both spatially and temporally.
Aberrant miRNA expression has been correlated with various
cancers. Recent findings suggest that some miRNAs can
function as tumor suppressors or oncogenes. In model
experiments, the cancer phenotype of some cells can be
reverted to normal when the cells are treated with miRNA
mimics or inhibitors. Here, we discuss in brief the potential
utility of miRNA-based cancer therapy as well as the current
limitations thwarting their useful clinical application.
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CDP cyclodextrin-containing polymer
CLL chronic lymphocytic leukemia
CREB cAMP response element-binding
dsRNA double-stranded RNA

HCV Hepatitis C virus

hTf human transferrin
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HTLV-| human T-cell Leukemia Virus type |

KSHV Kaposi's sarcoma-associated herpesvirus

LPH liposome-polycation-hyaluronic acid

miRNAs  microRNAs

nts nucleotides

oncomirs  oncogenic MiRNAs

PEG polyethylene glycol

PTGS post-transcriptional gene silencing

RISC RNA-induced silencing complex

RNAI RNA interference

RNAP Il RNA polymerase |l

RRM2 ribonucleotide reductase M2

sckv single-chain antibody fragment

TR targeting ligand for binding to transferrin receptors
TRBP TAR RNA-binding protein

VEGFR-2  vascular endothelial growth factor receptor 2
INTRODUCTION

RNA interference (RINAI) is a physiological mechanism that
was 1nitially reported as “post-transcriptional gene silenc-
ing” (PTGS) in plants. It plays important regulatory roles in
diverse biological processes including apoptosis, developmen-
tal timing, signal transduction, cell proliferation and immune
defenses (reviewed in (1—4)). In eukaryotes, one form of gene-
specific silencing uses the incorporation of 18-25 nucleotides
(nts) small RNAs, called miRNA, into the RNA1 pathway.
The biogenesis of miRNAs progresses through a series of
processing steps. First, a highly structured RNA (pri-miRNA)
is transcribed by RNA polymerase II (RINAP II). Within the
nucleus, the pri-miRNA is cleaved by the microprocessor, a
protein complex that contains a ribonuclease (Drosha) and a
RNA binding protein (DGCRS), to a ~70 nt stem-loop RNA
intermediate called pre-miRINA. The pre-miRNA is exported
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by Exportin 5 into the cytoplasm. Once in the cytoplasm, the
hairpin of the pre-miRNA is removed by another ribonuclease
(Dicer) to generate a double-stranded mature miRNA. The
mature miRNA is then bound to a double-strand RNA
binding protein (TAR RNA-binding protein (TRBP)) (5) and
organized into a large multi-protein complex called the
RNA-induced silencing complex (RISC). One strand of the
double-stranded miRNA (guide strand) is incorporated into
the complex. The other strand (passenger strand) is degraded.
The miRNA-loaded RISC can then silence target mRNAs
through imperfect complementarity between the mRNA
and the guide miRINA. Early observations suggested that
perfect complementarity of the 5 ends of miRNAs
nucleotides 2—7, termed seed sequence, is important for
function (6). However, new findings reveal that the central
region (7) and the 3'UTR (8,9) of the miRNA also play
important roles in target recognition. The miRNA-RISC-
targeted mRNAs are silenced through inhibition of
translation (10,11) or mRNA degradation (12,13). The
biological importance of the RNAi mechanism is supported
by findings that the perturbed expression of miRNAs or the
components of the RNAiI machinery results in the
development of various diseases (14—21).

ABERRANT MIRNA EXPRESSION
AND ONCOGENESIS

MiRNA expression is tightly regulated both spatially and
temporally (Fig. 1). A role for miRNA in tumorigenesis was
first reported by Calin ¢ al. in describing a chromosome
region containing miR-15a and miR-16-1, which is

frequently deleted or translocated in chronic lymphocytic
leukemia (CLL) (22). Subsequently, the roles of miRINAs in
various cancers have been investigated. Some investigators
have found a global down-regulation of miRNA levels in
tumor cells (23). This down-regulation is partially explained
by the fact that some tumor suppressors and oncogenes can
modulate the miRNA-promoters’ activity. Indeed, tumor
suppressors and oncogenes, including p53 and c-Myc, which
are transcriptional activators, have been shown experimen-
tally to modulate the activities of miRNA promoters
(24,25). A bioinformatics analysis estimated that over 46%
of the deduced promoters for 326 human miRNAs were
found to have potential p53 binding sites (24). Others have
reported specific miRNA signature profiles in different
tumor types (23) and have demonstrated the usefulness of
miRNA changes for predicting cancer prognosis (26) and
therapeutic responses (27). Moreover, the deletion, down-
regulation, and/or mutation of key RNAi components,
including Dicer, Drosha, Exportin 5, TRBP and Ago?2,
have been correlated with various types of cancer (14-21).
Collectively, the extant data support that miRNA changes
can contribute to oncogenesis and that it is important to
elucidate how individual miRNA changes predispose cells
to transformation.

A well-characterized miRNA whose dysregulated expres-
sion correlates with tumorigenesis is miR-155. Elevated miR-
155 expression was found associated with various cancers
(28-32), and a role for miR-155 in modulating host
immune responses has also been described (33). Interestingly,
the oncogenic Kaposi’s sarcoma-associated herpesvirus
(KSHV) encodes a miRNA called miR-k12-11, which shares
an identical seed sequence with miR-155 (34,35). Thus, it

INININLINL

pri-miRNA

miRNA processing

miRNA

1. Chromosomal deletion/rearrangement/mutation

2. Epigenetic silencing (CpG island)

3. Alternation of miRNA promoter activity

miRNA processing

1. Downregulation of RNAi components

2. miRNA variants affecting the miRNA maturation

miRNA activity

1. Polymorphism targeted mRNAs and miRNAs

Fig. I Modulation of RNA activity in eukaryotes at different levels. MiRNAs are processed from precursor pri-, pre-, miRNA that contain stem-loop
structure. The genes encoding miRNAs are regulated by their own promoters and regulatory elements (70,71). The expression levels of miRNA
precursor can be regulated at the transcriptional level by chromosomal deletion or translocation of regions containing miRNA genes, epigenetic
silencing of regions containing MiRNAs, alteration in the miRNA promoter activity. Functional miRNAs require a series of processing steps:
downregulation of the RNAi components including Dicer, Drosha, Exportin 5, TRBP and Ago2 impairs the miRNA maturation process and has been
correlated with cancer development (14-21); miRNA structural variants with sequence changes at the processing-cleavage sites affect the ribonuclease
activity of Drosha and Dicer (72). Mutations associated with sequence changes in miRNAs and miRNA target sites can affect the effectiveness of the
gene silencing activity. Polymorphisms, including SNP and potential deaminations of miRNAs and their targeted mRNAs have been detected in various

cancers (73).

@ Springer



MicroRNAs and Cancer

3045

appears that some oncogenic cellular miRNAs and onco-
genic virus-encoded miRNAs may employ common path-
ways for tumorigenesis. However, other transforming viruses
such as human T-cell leukemia virus type 1 (HTLV-1) do
not encode oncogenic miRNAs and instead seem to
dysregulate cellular metabolism by modulating the
promoter-expression of key cellular miRNAs (36,37).
HTLV-1 uses its viral oncoprotein, Tax, to induce miR-
130b and miR-93 expression. Over-expression of miR-130b
and miR-93 represses the expression of a cellular tumor
suppressor protein, TP53INP1, and hence induces tumori-
genicity (37,38).

Many studies have shown that miRNAs can have
oncogenic or tumor-suppressing functions. For example, a
well-characterized oncogenic miRNA (oncomirs) is miR-
21, which regulates the expression of the anti-apoptotic
protein bcl-2 (39). It has been shown that the sequestra-
tion of miR-21 by anti-miR-21 in breast cancer MCF-7
cells enhanced apoptosis and suppressed cell growth.
Replenishing miRNA expression in certain cancers has
been found to be effective in controlling cell growth. A
recent finding suggests that p53 can activate the expres-
sion of miR-34 (40) and that the transfection or transduc-
tion of miR-34 into p53-deficient gastric cancer cells was
able to target bcl-2, Notch and HMGA2 expression and
inhibit cell growth and/or induce apoptosis (41). Increas-
ingly, it is recognized that miRNAs can target oncogenes
and tumor-suppressor genes (42). In animal models,
modulation of certain miRNA expressions controls the
size and the metastatic potential of specific tumors (43-52)
(see Table II). This recognition has led to nascent clinical
trials using miRNA inhibitors to sequester cellular miR-
NAs, such as miR-122, which is essential for Hepatitis G
virus (HCV) replication, with the hope of ameliorating the
development of hepatomas (53-55). Additionally, efforts
have been made to identify small molecules that suppress
the function of oncogenic miRNAs, possibly reversing
their tumorigenesis phenotype (36). Time will tell whether
miRNA-based therapy may represent a useful new way to
treat cancer.

IN VIVO DELIVERY OF SMALL RNAs

Small RNA-based therapy can offer some advantage over
conventional cancer drug treatment. Because a single
miRNA can target many mRNAs, miRNA-based therapy
could silence a broad array of genes, and by doing so, this
method may potentially increase the efficiency of control-
ling the growth or spread of cancers. Also, the relatively low
cost of synthesis, their small molecular size, and the ease of
design all make small RNA therapy appealing. However,

similar to many other treatment modalities, the major

hurdle to using small RNA-based therapy i vwo is the
efficiency of focused delivery to specific cells.

Delivery of small RNA i vivo has been attempted using
various methods (Table I). Each has advantages and
disadvantages. The earliest attempt to deliver small RNA
in vivo involved direct hydrodynamic injection of siRNA
intravenously (56). The injected siRNA accumulated in the
hepatocytes of the mice, silencing the expression of Fas. As
a result, the injected mouse’s liver was successfully
protected from the development of fulminant hepatitis
and fibrosis. However, the hydrodynamic methodology is
impractical clinically due to the requirement of injecting
large quantities of small RNAs. Furthermore, naked siRNA
could be relatively unstable due to the presence of
endogenous RNases. Thus, high functional efficacy at
desired sites remains a major challenge.

Lipid-based nucleic acid delivery has been widely used
i vitro. The negatively charged nucleic acids are protected
from the environment by interacting with the cationic lipids
to form liposomes. The liposomes can fuse with the cell
membrane, releasing the nucleic acids into the cells.
Although cationic lipid-complexed siRNAs have been
delivered effectively into cells, they are highly immunogenic
(57). Other non-charged nanoparticles, such as biodegrad-
able polymers which induce less inflammation, could
possibly reduce this problem. The application of n vio
delivery of mi-/si-RNAs will be discussed below.

Viral vectors represent another approach for small RNA
delivery. Typically, viruses are engineered to be replication-
defective, preventing them from propagating an undesired
spread of infection. The precursor forms of mi-/sh-RNA
are expressed and processed by the cellular machinery after
transduction of cells by viral vectors carrying the appropri-
ate mi-/sh-RNA expression cassettes. The advantages of
this method include the ability to establish long-term knock-
down of targeted mRNAs and the high efficiency trans-
duction using viral particles of many types of cell. However,
an adverse effect can arise due to the integration of the viral
vector into host cell DNA. Random insertion of the
transduced viral vector could disrupt crucial genes and/or
potentially activate harmful cellular proto-oncogenes (58).
Lastly, undesired immune responses induced by the viral
vectors may be harmful and should also be carefully
evaluated.

The stability, toxicity, immunogenicity and durability of
the above-mentioned delivery methods have hindered the
progression of these approaches to clinical usage. The
recent development of nanoparticles may address most of
the problems. Generally, nanoparticles are positively
charged particles with diameters of ~50-70 nm. They elicit
minimal inflammatory responses. The negatively charged
mi-/si-RINAs are completely buried inside the electrolyte
core formed by the nanoparticles. This significantly
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Table | Advantages and Disad-

vantages of Various Small RNA Methods

Advantages Disadvantages

Delivery Methods
Hydrodynamic injection

Viral delivery (retroviruses; adenoviruses;

adeno-associated viruses)

Lipid-based or polymer-based
complex delivery
Nanoparticle delivery

Simple Unstable; require large

amount

Long-term; high efficiency Elicit immune response;

random integration

High efficiency Highly immunogenic
High efficiency; targeted delivery;
low toxicity; low immunogenic;
stable and relatively slow release rate

Complex formulation

increases the stability of the embedded mi-/si-RNAs. Also,
the protective core of the nanoparticles allows relatively
slow release of small molecules for continuous knock-down
of specific gene expression.

Recent clinical trials using the nanoparticles-siRNA
delivery approach for treating solid cancers have shown
promising results. The first nanoparticle formulation of
siRNA, CALAA-01, underwent phase I clinic trial in 2008
(59). The trial employed several kinds of nanoparticles,
including cyclodextrin-containing polymer (CDP), polyeth-
ylene glycol (PEG) steric stabilization agent and human
transferrin  (h'Tf), as a targeting ligand for binding to
transferrin receptors (TfR). The CALAA-01 agent was
complexed with siRNAs designed to target ribonucleotide
reductase M2 (RRM2), a gene involved in DNA replication
that 1s commonly deregulated in many cancers. It has been
shown that the @ vivo delivery of a siRNA against RRM2
reduced the proliferative activity of a broad spectrum of
human, mouse, rat and monkey cancers with minimal
immune response or toxicity (60,61).

CALAA-01 1is the first siRNA nanoparticle to be
therapeutically tried in humans (59). The promising results
from this trial suggest that further clinical studies of the
vivo mi-/s1-RINA nanoparticles delivery system including the
new RNAI agents Atu027 and ALN-VSP may be warranted.
For a more detailed review of preclinical and clinical
development of RNAI drugs, the readers are referred to an
excellent review article (62).

Dysregulated expression of miRNA correlates with the
disease status of cancers. Indeed, a few recent studies have
reported the successful reversal of the cancer phenotype by
nanoparticle-mediated delivery of miRNAs in animal
models (see below and Table II).

It has been suggested that the tumor endothelium can
upregulate miR-132 expression by activating cAMP re-
sponse element-binding protein (CREB) through a vascular
endothelial growth factor receptor 2 (VEGFR-2)-dependent
pathway (51). The upregulated miR-132 can act as an
angiogenic switch suppressing endothelial pl120RasGAP
expression, leading to Ras activation and the induction of
neovascularization (63). By using vessel-targeted nanopar-
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ticle delivery of anti-miR-132, investigators have success-
fully sequestered miR-132 in the tumor endothelium (51).
As a result of this approach, p120RasGAP expression level
was restored, and this was accompanied by suppressed
angiogenesis and decreased tumor burden in an orthotopic
xenograft mouse model of human breast carcinoma. In
another study, the intravenous administration of a miR-16
mimic complexed with atelocollagen strongly inhibited the
development of human prostate metastatic tumors in the
bone of mice (48). The anti-tumor effect of the nanoparticle
formulation can be enhanced when complexed with
multiple small RNAs. A recent study using liposome-
polycation-hyaluronic acid (LPH) nanoparticle formulation
modified with tumor-targeting single-chain antibody frag-
ment (scFv) nanoparticles delivered siRNAs and miR-34a
into lung cancer metastases (52). The delivered siRNA
and miRNA efficiently down-regulated the targeted genes
(c-Myc/MDM2/VEGF/survivin/ MAPK family) and
hence controlled the progressin of the lung tumor. The
capacity to deliver siRNA and/or miRNA with a single
formulation significantly increases the flexibility of thera-
peutic uses of mi-/si-RINA.

OTHER POSSIBLE SIDE EFFECTS AND FUTURE
CHALLENGES

Many concerns need to be addressed before miRINA-based
therapy can be safely applied to clinical settings. First, one
should be cautious regarding the specificity (or off-target effect)
of miIRINA-based gene silencing because a single miRINA can
target many mRNAs (64). Choosing a miRINA which targets
many genes in the same pathway may consolidate the
silencing effect and diminish the magnitude of off-target
effects. It should be noted that a single mRNA can also be
targeted by multiple miRNAs. Utilizing a combination of
miRNAs that converge on a single mRNA may lower the
concentration of miRINAs required for silencing and enhance
the specificity of silencing.

Second, double-stranded RNA can trigger the innate
immune system through activation of double-stranded
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Table Il The Oncogenic and Tumor-Suppressive Roles of miRNA Tested in Animal Models

miRNA Cancer type  Targets Role Delivery system Reference
miR-132 Breast p | 20RasGAP Activate Ras and inducer of Intraocular injection of antagomirs/ 50
neovascularization liposomes complex
miR-34a Lung Survivin and MAPK family  Induce apoptosis and reduce Intravenous injections of mi-/ (52)
tumor load si-RNAs/LPH complex
miR-17-3p Prostate Vimentin Inhibit tumor growth Subcutaneous injection of miRNA (46)
stably expressing cell lines
miR-221/222  Prostate p27 Induce proliferation and Intratumoral injection of antagomirs 47)
tumorigenicity
miR-16 Prostate CDKI and CDK2 Inhibit metastatic tumor growth Systemic injection of synthetic (48)
in bone miRNA/atelocollagen complex
miR-26a Liver Cyclin D2 and Cydlin E2 Inhibit cancer cell proliferation and  Intravenous injection of adeno- (50)
induce tumor-specific apoptosis associated virus (AAV) 8 serotype
containing the self-complementary
AAV vector expressing miRNA
miR-191 Liver SOX4, ILIA and TMC7 Aid in cell proliferation and cell Systemic injection of antagomirs (43)
survival
Let-7 family Lung Ras family and HMG2 Inhibit tumor growth, cell cycle Intratracheal infection of miRNA (44)
arrest and induce cell death expressing lentiviruses
miR-10b Breast Hoxd 10 Aid in the formation of lung Intravenous injection of antagomirs (45)
metastases
miR-21 Tongue TPMI and PTEN Aid in cell proliferation and cell Intratumoral injection of antisense (49)
survival oligonucleotide
miR-122 Liver HCV Allow for HCV replication Subcutaneous injection of antagomirs  (53-55)

RNA (dsRNA)-dependent protein kinase R or retinoic acid
inducible gene-I (57). The strength of activation of the
innate response is determined by the amount, the length,
and the sequence composition of the RINA. Minimal
activation was observed with double-stranded RNA with
size <30 nucleotides. However, high amounts of uracil and
guanine-rich sequence content of small RNAs were
reported to be able to elicit significant immune response
(57). Future development of small RNA-based therapy
requires careful design of sequence composition. Also, the
use of modified nucleotides, such as LNA, will lower the
amount needed for small RNA-based therapy and decrease
the likelihood of innate immune activation.

Third, although viral delivery of small RNA is attractive,
its high efficiency, its local administration and its persistence
elicit particular safety concerns. Efficient delivery into the
host may also elicit unpredictable hyper immune reactions,
and effective vector entry into cells also means abundant
viral vector DNA integration into the host genome (65). An
llustration of unwanted and unexpected side effects came
from an early animal model using adeno-associated virus to
deliver shRNA that targeted the expression of a human o-1
antitrypsin mRNA. In that study, overexpression of shRINA
led to the oversaturation of the cell’s RNA-transporter
protein, Exportin-5, and induced hepatotoxicity in the
experimental animals (66). Hence, rather than using consti-
tutive high efliciency expression of shRNAs, a modified
approach using an inducible expression system for shRNA in
the context of a viral vector could permit a more regulated

method that uses just the needed amount of shRNA during a
targeted time-frame for controlled knock-down of specific
genes (67-69).

Finally, the effectiveness of siRNA/miRNA-mediated
silencing may be limited by several additional cellular
factors, including RNA-binding proteins that may act as
RNAI suppressors and which may also be able to shield
targeted RNAs from complementarity-driven recognition
by si-/mi-RNA. How intracellular RNA-binding proteins
and RNA-modifying enzymes including RNA helicases may
impede or enhance RNAI effects warrants further study.

CONCLUDING REMARKS

RNAI represents a biological mechanism that in principle
could be exploited to provide rapid and efficient down-
modulation of gene expression. While the fundamental
bases for siIRNA- or miRNA-mediated gene silencing are
becoming clearer, the challenges of applying these small
RNA-based approaches to the therapy of diseases including
cancers are non-trivial. Recent news that a large drug
company, Roche, has retrenched or eliminated its commit-
ment to RNAi research (http://pubs.acs.org/cen/news/
88/148/8848notw6.html) illustrates some of the real-world
obstacles to the application of miRNA and siRNA. As
outlined above, the clinical uses of the fundamental
principles behind RNAIi require additional research break-
throughs that can allow investigators to deliver small
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therapeutic RNAs more efficiently, more specifically, and

more durably for gene silencing i vivo.
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