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Abstract

MicroRNAs (miRNAs) function as regulatory molecules of gene expression with multifaceted
activities that exhibit direct or indirect oncogenic properties, which promote cell proliferation,
differentiation, and the development of different types of cancers. Because of their extensive
functional involvement in many cellular processes, under both normal and pathological conditions
such as various cancers, this class of molecules holds particular interest for cancer research.
MiRNAs possess the ability to act as tumor suppressors or oncogenes by regulating the expression
of different apoptotic proteins, kinases, oncogenes, and other molecular mechanisms that can
cause the onset of tumor development. In contrast to current cancer medicines, miRNA-based
therapies function by subtle repression of gene expression on a large number of oncogenic factors,
and therefore are anticipated to be highly efficacious. Given their unique mechanism of action,
miRNAs are likely to yield a new class of targeted therapeutics for a variety of cancers. More than
thousand miRNAs have been identified to date, and their molecular mechanisms and functions are
well studied. Furthermore, they are established as compelling therapeutic targets in a variety of
cellular complications. However, the notion of using them as therapeutic tool was proposed only
recently, given that modern imaging methods are just beginning to be deployed for miRNA re-
search. In this review, we present a summary of various molecular imaging methods, which are
instrumental in revealing the therapeutic potential of miRNAs, especially in various cancers. Im-
aging methods have recently been developed for monitoring the expression levels of miRNAs and
their target genes by fluorescence-, bioluminescence- and chemiluminescence-based imaging
techniques. Mature miRNAs bind to the untranslated regions (UTRs) of the target mRNAs and
regulate target genes expressions. This concept has been used for the development of fluorescent
reporter-based imaging strategies to monitor the functional status of endogenous miRNAs, or the
respective miRNAs transiently co-expressed in cells. Bioluminescence-based imaging strategies
have been used to investigate various stages of miRNA processing and its involvement in different
cellular processes. Similarly, chemiluminsecence methods were developed for in vitro miRNA
imaging such as monitoring their therapeutic roles in various cancer cell lines.
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Introduction nucleotides in length spliced from hair-pin loop tran-
. scripts of pre-miRNAs, which are ~60 to 80 nucleo-
MicroRNAs tides in length. MicroRNAs are coded by approxi-

MicroRNAs (miRNA) are single stranded, evo-  mately 1% genome in many species [1, 2], and by ap-
lutionarily conserved non-coding RNAs of 19 to 25  proximately 3% in the human genome. MicroRNAs
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function as regulatory molecules of gene expression in
cells. MicroRNAs have been shown to regulate the
expression of a variety of target genes that are in-
volved in different cellular processes, which include
cell proliferation, apoptosis, differentiation, stem cell
development, and genes that are associated with
various human diseases, including cancer [3]. MiRNA
coding genes are transcribed into long primary tran-
scripts called pri-miRNA by RNA polymerase II, with
local hairpin structures and flanking sequences.
Drosha and RNase III are two other nucleases which
trim the flanking sequence and produce the precursor
miRNA known as pre-miRNA [4]. This entire process
of pre-miRNA processing occurs inside the nucleus
(Figure 1). Subsequently, the pre-miRNA is actively
transported to cytoplasm through nuclear pore com-
plex by exportin-5, one of the nuclear transport re-
ceptors [5]. Following the export, pre-miRNA is
cleaved by Dicer, the cytoplasmic RNase III [6], into
mature miRNA of ~22-bp duplex, and thereafter, ef-
fector complexes that are termed as ‘miRNP’ (miR-
NA-containing ribonucleoprotein complex) or ‘miR-
ISC"  (miRNA-containing RNA-induced silencing
complex) are formed. The 22-bp duplex is not stable in
the effector complex; one strand of the duplex, possi-
bly the one with unstable base pairs at the 5-end,
remains active and directs the RISC complex to target
mRNA and provides the regulatory silencing effects
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by messenger degradation or blocking translation
initiation [7]. The miRNA encoding gene sequences
are mostly located in the intergenic regions. However,
some of the miRNA genes are also identified from the
intronic regions of some well-known genes in both the
sense and antisense orientations [8]. MiRNAs are en-
coded either independently, or as a cluster of several
miRNAs under the same promoter [9].

Functional roles of miRNAs in normal cells,
and cells in different pathological conditions

MicroRNAs of different types are expressed by
cells to maintain cellular homeostasis. By contrast,
dysregulated expressions of various miRNAs are
found in cells at different pathological conditions. It is
well known that microRNAs are implicated in various
human diseases. According to miRbase [18], 1,921
mature miRNAs were identified in human cells. So
far, 349 miRNAs have been identified to be associated
with over 163 different human diseases [10], with
most of them being associated with various cancers.
In cancer cells, dysregulated miRNAs are mainly in-
volved in regulating cell differentiation, proliferation,
and apoptosis. Apart from cancer, microRNAs are
also reported to be associated with cardiovascular
diseases [11], neurological diseases [12], viral diseases
[13], and metabolic disorders [14].

‘ Fluorescent nanoparticle
‘ Conjugated Aptamers

[

(4]
+—
_
@]
Q
[4]
o

©
>

[a)

luorescent Imaging

‘ Molecular beacon

T

st Target mana H

Translational repression

Bioluminescent Imaging

Figure |. Schematic representation of miRNA processing and various modes of Imaging.
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MicroRNAs in cancer

Despite the substantial progress in understand-
ing the complex signaling network in cancer, effective
therapies remain scarce due to unpredictable disrup-
tion of oncogenic pathways, drug resistance, and
drug-induced toxicity. Because cancer is a complex
disease that lacks effective therapy, there is an urgent
need for researchers and clinicians to combine drugs
targeting more than one pathway and develop novel
therapeutic strategies. The discovery of microRNAs
provides new hope for accomplishing this task with
the promising success rate. Supported by solid evi-
dence for their critical role in cancer and bolstered by
a unique mechanism of action, miRNAs are likely to
yield a new class of targeted therapeutics. In contrast
to current cancer medicines, miRNA-based therapies
function by subtle repression of gene expression on a
large number of oncogenic factors, and therefore are
anticipated to be highly efficacious. After completion
of target validation for several candidates, the devel-
opment of therapeutic miRNAs is now moving to a
new stage that involves pharmacological drug deliv-
ery, preclinical toxicology, and regulatory guidelines,
using powerful molecular imaging techniques that
can monitor processes inside the cell and study their
complex pathways.

Single miRNA can control multiple oncogenes
and regulate oncogene-related cellular pathways that
lead to the development of cancer. Because, cancer is
such a heterogeneous disease, it cannot be success-
fully treated by targeting a single gene of interest [15,
16]. The promising ability of miRNAs to control sev-
eral genes associated with a particular cellular path-
way therefore may hold the key to therapeutic suc-
cess. Based on regulatory mechanisms in which
miRNAs are involved in cancer, they can be catego-
rized either as oncogenic or tumor suppressors.

MicroRNAs were documented to have multifac-
eted activities that possess direct or indirect oncogenic
properties that can promote cell proliferation, differ-
entiation, and development of many types of cancer.
So far, numerous microRNAs have been reported to
play an oncogenic role by inhibiting tumor suppressor
genes, and by controlling the genes which regulate
cell cycle progression. MicroRNAs have also been
reported to mediate metastasis by controlling genes
that are responsible for epithelial-mesenchymal tran-
sition and cell invasion. For example, microRNA-155
was identified as oncogenic microRNA capable of
inducing lymphoblastic leukemia and also found to
be over-expressed in solid tumors such as breast, co-
lon, and lung cancer [17]. MicroRNA 17-92 cluster
was shown to be over-expressed in human B-cell
lymphoma by promoting c-myc mediated oncogene-

sis [18]. MiR-21 has been implicated in the develop-
ment of glioblastoma, and it is also recognized as an
anti-apoptotic miRNA due to its ability in blocking
genes responsible for controlling apoptosis [19].

Tumor suppressor miRNAs

MicroRNAs possess the ability to act as tumor
suppressors by regulating the expression of onco-
genes, apoptotic proteins, kinases, and other molecu-
lar mechanisms that can cause the onset of tumor de-
velopment. MicroRNA let-7 was identified as a tumor
suppressor in different types of tumors, such as breast
cancer [20], colorectal cancer [21], lung cancer [22],
and leiomyoma [23]. MiR-122 from let-7 family, and
miR-101, are shown to function as tumor-suppressors
in hepatocellular carcinoma (HCC) [24]. Recently,
miR-409-3p was recognized as a tumor suppressor by
targeting transcriptional regulator PHF10 in gastric
cancer [25]. MiR-508-3p and miR-509-3p were re-
ported as tumor suppressors in renal cell carcinoma
(RCC) mainly because their overexpression has been
shown to significantly suppress the proliferation of
RCC, induce cellular apoptosis, and inhibit tumor cell
migrations in vitro [26]. Similarly, miR-1, miR-206 and
miR-29 were shown to play a role of tumor suppres-
sion in rhabdomyosarcoma [27]. Downregulation of
these miRNAs stabilizes the expression of PAX3 and
CCND2 in embryonal and alveolar rhabdomyosar-
coma types [27]. E26 transformation-specific sequence
(ETS)-2, a transcriptional modulator, suppressed the
expression of miR-196b during gastric cancer devel-
opment, and the association of ETS2 and miR-196b
were shown to have a deterministic role in the de-
velopment of cancer. In addition, miR-196b is sug-
gested to possess a tumor suppressor property [28].
MiR-203 was recognized as a tumor suppressor in
human melanoma cells, as it caused the reduction of
E2F3a, E2F3b, and ZBP-89 proteins levels, which are
otherwise shown to be highly expressed in human
malignant melanoma, Mewo, cells [29].

Numerous lines of evidence have supported the
idea that microRNAs act as tumor suppressors by
regulating anti-apoptotic proteins. MicroRNA-122, a
liver-specific miRNA that is associated with the
pathogenesis of HCC, was found to be downregulat-
ed, and is reported to be responsible for HCC re-
sistance to conventional chemotherapy. Overexpres-
sion of miR-122 in HCC cells made them sensitive to
adriamycin (ADM) or vincristine (VCR) by downreg-
ulating MDR-related genes (MDR-1, GST-r1, MRP),
anti-apoptotic gene (Bcl-w), and cell cycle related gene
(cyclin B1), thereby acting as a tumor suppressor [30].
Expression of miR-15 and miR-16 was found to be
indirectly proportional to that of anti-apoptotic B-cell
lymphoma 2 protein (Bcl2) in chronic lymphocytic
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leukemia (CLL). Also, Bcl2 repression by miR-15 and
miR-16 could induce apoptosis [31]. Lam et al., have
identified 19 different miRNAs which can induce
HCT-111 cells sensitive to ABT-263 (navitoclax), a Bcl2
family inhibitor. Of these 19 miRNAs, 15 were identi-
fied to sensitize CHL1 melanoma cells to ABT-263.
Out of 12 miRNAs that reduced MCL1 protein ex-
pression, 10 were found to have direct interaction
with 3’-UTR region of MCL1 gene [32].

Ectopic expression of miRNA-199a and miR-
NA-199a* induced apoptosis in many cancer cells
through caspase-dependent and caspase-independent
pathways, respectively. Luciferase reporter-based
analysis identified MET proto-oncogene as a target of
miR-199a*, whereas extracellular signal-regulated ki-
nase 2 (ERK2) was also downregulated by miR-199a*
[33]. Kefas et al., reported miR-7 as a tumor suppres-
sor through suppression of epidermal growth factor
receptor (EGFR); it independently inhibited Akt
pathway by targeting its upstream regulators Ras 1 or
Ras 2 [34].

Oncogenic role of Specific MicroRNAs in
various Cancers

Prostate cancer

Research reports have revealed that microRNA
expression becomes altered with the development
and progression of prostate cancer. Some of these
microRNAs include miR-106a ~ 363 clusters and
miR-106b ~ 25 clusters targeting E2F1; regulate the
expression of cancer-related genes in prostate cancer
cells [35]. MiR-21 could promote cells’ resistance to
apoptosis, motility, and invasion by targeting
MARKS, ANP32A, and SACA4 [36]. The presence of
an auto-regulatory feedback loop between E2F factors
and miR-17/92 has been shown to promote prostate
cancer [37]. On other hand, miR-17/92 acts as a ther-
apeutic agent by suppressing tumorigenicity of pros-
tate cancer through inhibition of mitochondrial anti-
oxidant enzymes MnSOD, GPX2, and TRXR?2 [38].

It is interesting to note that therapeutic delivery
of antisense microRNA (antagomiR) to miR-10b did
not inhibit growth of the existing metastatic lesions,
but rather its inhibition can be used to prevent further
metastatic spread from the existing primary tumors
[39]. By contrast, Takeshita et al. have reported that
miR-16 can block the growth of disseminated prostate
cancer cells, and might therefore prove to be a useful
target in treating metastatic disease [40]. Thus,
miR-10b and miR-16 illustrate the diversity of miR-
NAs" functions in cancer, and show how miRNAs can
create unique opportunities for therapeutic interven-
tion in cancer. The combination of miR-10b antagonist

and miR-16 mimic may prove particularly effective in
treating prostate cancer patients.

Liver cancer

Hepatocellular carcinoma (HCC) is the major
primary liver cancer, and the fifth most common
cancer worldwide [41], with about 750,000 new cases
reported each year (International Agency for Research
on Cancer, IARC, 2008). The annual mortality of about
700,000 was reported globally [42]. An estimated
80-90% of all HCC arise from cirrhotic liver. Low sur-
vival is attributed to late diagnosis, resistance to
treatment, tumor recurrence, and metastasis, hence
stressing the need for novel early diagnostics and
therapeutics. The findings that individual microRNAs
may target several hundred genes, and that a large
percentage of mRNAs may be subject to regulation by
microRNAs, further underscore the emerging im-
portance of microRNA-mediated regulation in HCC
[43, 44].

A recent work by Hatziapostolou and colleagues
has defined a new player in hepatocellular carcino-
genesis that can serve as a potential target for the
treatment of HCC [45]. An inflammatory feedback
loop circuit involving
miR-24/miR-629/HNF4alpha/miR-124/STAT3/1L-6
R has been identified, which upon activation can
suppress HNF4-alpha, thereby inducing liver cancer.
Considering therapeutic success and efficacy of
miR-124, Hatziapostolou et al., further proposed its
use in treatment of liver cancer [45]. Their results
suggest the potential of using miR-124 therapy in the
advanced stages of HCC.

Lung cancer

Several recent studies have clearly highlighted
the roles of miRNAs in lung carcinogenesis [46-48].
Muller et al.,, have shown the difference in the ex-
pression profiles of miRNAs in lung cancer as com-
pared to normal lung tissues, although the signifi-
cance of the aberrant expression of different miRNAs
is poorly understood [46]. Among the reported
miRNAs that are downregulated in lung cancer, the
miRNA-29 family (29a, 29b, and 29¢) has intriguing
complementarities to the 3'-UTRs of DNA methyl-
transferases-3A (DNMT-3A) and DNMT-3B (de novo
methyltransferases), the two key enzymes that are
frequently upregulated in lung cancer, involved in
DNA methylation, and associated with poor progno-
sis. These studies also demonstrated that the expres-
sion of miR-29s (a, b, and c) were inversely correlated
with the expression of DNMT3A and -3B in lung
cancer tissues. DNMT3A and -3B have been clearly
implicated as direct targets for miR-29 [49]. The ex-
pression of miR-29s (a, b and c) in lung cancer cell
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lines restored normal patterns of DNA methylation,
inducing re-expression of tumor suppressor genes
such as FHIT and WWOX that were previously si-
lenced by methylation, thereby inhibiting tumorigen-
icity in vitro and in vivo [46]. These findings support
the role of miR-29s in epigenetic normalization of
non-small cell lung cancer (NSCLC), providing a ra-
tionale for the development of miRNA-based thera-
peutic interventions for the treatment of lung cancer.

An intricate and finely tuned circuit involving
c-myc, miR-17/92, and HIFla is responsible for
causing lung cancer. MiR-221 and miR-222, by tar-
geting PTEN and TIMP3 tumor suppressors, respec-
tively, induce TRAIL resistance and enhance cellular
migration. MiR-221/222 modulates both epidermal
growth factor (EGF) and MET receptors by targeting
APAF1. It is also found to be responsible for gefitinib
resistance and promoting metastasis in NSCLC. Axl
receptor was found to be regulated by miR-34a and
miR-199a/b, and suppressed by promoter methyla-
tion in solid lung cancers [47]. Overexpression of
miR-15/16 is reported to induce cell cycle arrest in
G(1)-G(0), which targets CCND1, CCND2, and
CCNE]1, thereby suppressing the metastatic proper-
ties of tumors. MiR-200 was found to suppress lung
adenocarcinoma metastasis by targeting Flt1/vegfR1
expression in tumor cells [48].

Colon and rectal cancer

MicroRNAs are reported to be abnormally
dysregulated in colon cancer tissues. Artificial
dysregulation of certain microRNAs triggers tumor-
igenesis or apoptosis, depending on which microRNA
is being manipulated. Although the natural mecha-
nisms for the dysregulation of microRNAs are still
largely unknown, one theory tested in colon cancer
suggests that DNA hypermethylation could be the
possible main cause for the downregulation of certain
microRNAs. Specific microRNA expression patterns
help characterize a particular type of cancer, and may
be used as a prognostic factor in determining re-
sponses to therapy [50].

Yaguang et al. analyzed 10 different miRNAs
(hsa-let-7b, hsa-let-7g, hsa-miR-15b, hsa-miR-181b,
hsa-miR-191, hsa-miR-200c, hsa-miR-26a,
hsa-miR-27a, hsa-miR-30a-5p, and hsa-miR-30c) for
their potential prognostic value in colorectal cancer
patients. Some of these miRNAs function as onco-
genes due to the fact that their over-expression can
cause cancers. Hsa-miR-200c has been found to be a
potential novel prognostic factor in colorectal cancer
[51]. MiR-16 has been shown to play the central role of
post-transcriptional regulator of COX-2, and was im-
plicated in the development of colorectal cancer. In-
activation of mismatch repair is induced by miR-155

targeting hMSH2, hMSH6, and hMLH1 [52]. MiR-34
mediates repression of SIRT1 and leads to apoptosis
only in colon cancer cells that express wild-type p53.
A new link among p53, miR-34, and Snaill in the
regulation of cancer cells, EMT property was studied
earlier to analyze the effect of miR-34 on metastasis.
MiR-17-92 cluster was found to be upregulated in
colonocytes. MiR-17-92 targets TSP-1 and CTGF were
co-expressed with impaired K-Ras, c-Myc, and p53
activities in colon cancer [38].

Lymphoma and Leukemia

MiRNAs play a significant role in the prognosis
of lymphoma and leukemia with impressive accuracy.
George et al. showed that miR-15 and miR-16 are lo-
cated on chromosome 13q14, a region frequently de-
leted in more than half of B-cell chronic lymphocytic
leukemias (B-CLL). Detailed deletion and expression
analysis revealed that miR-15 and miR-16 genes are
located within a 30-kb region which is frequently lost
in CLL, and that both are deleted or downregulated in
majority (=68%) of CLL cases [53]. Charles et al. in-
vestigated the expression of MIRN155 (miR-155) and
MIRN21 (miR-21), both of which were found to be
highly expressed in Diffuse Large B-Cell Lymphoma
(DLBCL) [54], as well as, upregulation of MIRN210
(miR-210) was found to be associated with more gen-
eral malignant phenotypes [55].

Cell dissemination and aggressiveness are phe-
notypic traits of DLBCL, which typically express high
levels of miR-155 and lack human germinal cen-
ter-associated lymphoma (HGAL) protein expression.
In addition, miR-155 highlighted a hitherto unappre-
ciated role of SA5 in lymphoma biology and defined a
unique mechanism used by cancer cells to escape
TGEF-f’s growth-inhibitory effects. Bic/miR-155 plays
a key role in the homeostasis and function of the im-
mune system in lymphocytes targeting C-MAF [56].
Functional genomics approach revealed a coordinated
clamp-down on several regulators of phosphatidyl-
inositol-3-OH kinase-related survival signals by leu-
kemogenic miR-19 targeting BIM, PTEN, PRKAA1,
and PPP2R5e in acute T-cell lymphoblastic leukemia
[57]. MiR-9-mediated downregulation of
PRDM1/Blimp-1 contributes to phenotype mainte-
nance and pathogenesis of lymphoma cells by inter-
fering with normal B-cell terminal differentiation [58].
Distinct miR-15/16 profiles are associated with an
increased proliferative capacity and a ‘late” germinal
center B-cell phenotype characterized by follicular
lymphoma [59].

Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is one
of the aggressive cancer types with a median survival
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of less than 6 months and not amenable to conven-
tional chemotherapeutic agents. Various miRNAs
have been associated with the development of PDAC.
Among these, miR-216 is down regulated consistently
in PDAC when compared to normal pancreatic tissue
[60]. Eight microRNAs, namely miR-196a, miR-190,
miR-186, miR-221, miR-222, miR-200b, miR-15b, and
miR-95, were identified to be overexpressed in a study
in which pancreatic cancer tissue samples and cell
lines were analyzed by differential expression profiles
for 95 miRNAs by real time PCR. The upregulation of
most of these miRNAs ranged from 3.3 to 79 folds in
pancreatic cancer tissue samples and cell lines
(Panc-1, MIA PaCa-2, BxPC-3, Hs766T, ASPC-1, Ca-
Pan-1, CaPan-2, Panc3.27, HPAF-II, and PL45) when
compared to human pancreatic ductal epithelial
(HPDE) cells [61].

Glioma

Glioma is a highly fatal malignant disease as
well as the most common among neural malignancies,
and its unique invasiveness renders it highly resistant
to therapies [62]. This invasive phenotype could be
controlled in part by altering some specific miRNAs.
It is obvious from various investigations that miRNAs
play a crucial role in glioblastoma pathogenesis. A
strong positive correlation between miR-21 expres-
sion and pathological grade in glioma tissues has been
documented. Chan et al. demonstrated that knock-
down of miR-21 in cultured glioblastoma cell lines
triggered caspase activation that resulted in apoptotic
cell death, suggesting an anti-apoptotic function of
miR-21 [19]. MiR-21 expression was found to be reg-
ulated by -catenin/STAT3 pathway and to promote
glioma cell Invasion by directly targeting RECK [63].
Moreover, other direct targets of miR-21 are p63 (a
homolog of p53), p53 activators JMY, TOPORS,
TP53BP2, DAXX, and HNRNPK which stabilize p53
protein levels by interfering with MDM2 and acting as
P53 transcriptional cofactor, as well as assisting p53 in
transactivating genes that induce apoptosis and cell
growth arrest [64]. MiR-221 is overexpressed in glio-
blastoma tissue samples and also in many glioblas-
toma cell lines [65]. Sage et al. reported that glioblas-
toma cell lines require higher expression of
miR-221/222 for maintaining low p27Kip1 levels and
continuous proliferation [66]. High levels of
miR-221/222 expression correlate with low levels of
p27Kipl in glioblastoma. In addition, miR-27a has
been shown to be abundantly expressed in glioma
tissues and the inhibition of miR-27a significantly
suppresses the proliferation and invasiveness of U87
glioma cells [67]. Shi et al. reported downregulation of
miR-181a and miR-181b in both human gliomas and
glioma cell lines [68]. The expression level of

miR-181a was negatively correlated with tumor
grading, whereas miR-181b showed significant dif-
ferences in expression only between high grade
(WHO III and IV) and low grade gliomas.

MiR-7 is another potential tumor suppressor in
glioblastoma targeting critical cancer signaling path-
ways. It has been documented that miR-7 directly
regulates cell invasion by targeting FAK in glioblas-
toma [69]. Recently, Sun et al. reported that MiR-34a
suppresses cell proliferation and induces apoptosis in
U87 glioma stem cells [70]. MiR-128 expression sig-
nificantly reduced glioma cell proliferation in vitro
and glioma xenograft growth in vivo [71]. It has been
demonstrated that miR-128 directly targets a tran-
scription factor E2F3a. which activates genes mainly
involved in cell cycle progression. MiR-128 can also
inhibit proliferation of brain cells by negative regula-
tion of E2F3a. [72]. Another direct target of miR-128 is
an oncogene Bmi-1, which regulates tumor suppres-
sors like p53 and pl6Ink4a [71]. The overexpression of
miR-181d was reported to suppress the proliferation
and trigger cell cycle arrest and apoptosis in glioma
cell lines. K-ras and Bcl-2 were identified as direct
targets of miR-181d, and were found to be upregu-
lated in glioma samples [73]. Moreover, the xenograft
tumors of U251 cells treated with miR-181d sup-
pressed tumor growth in vivo.

Renal cancer

Renal cell carcinoma (RCC) is a heterogeneous
disease with widely varying prognosis [74]. It devel-
ops in the tubules of the kidney, the main part of the
kidneys filtering system. The expression levels of dif-
ferent miRs were significantly ameliorated in RCC cell
lines and in tissue specimens. Ectopic restoration of
miRs in RCC has promised a significant inhibition of
cell proliferation and invasion, and moreover, re-
vealed induction of apoptosis and cell cycle arrest.
Juan et al., [75] reported a panel of 10 miRNAs
(miR-200c, miR-185, miR-34a, miR-142-3p, miR-21,
miR-155, miR-224, miR-210, and miR-592), the ex-
pression of which could distinguish RCC from normal
kidney cells. In particular, miR-21 was found to be
upregulated in many cancers, was also upregulated in
RCC. Moreover, miR-34a was more specifically up-
regulated in RCC. MiR-141 and miR-200c were re-
ported to be the most downregulated miRNAs in
RCC, and were found to target ZEB2, a transcriptional
repressor from the EMT pathway [76]. The oncogenic
miR-185 has been reported to be significantly upreg-
ulated in RCC and negatively correlated with the
tumor suppressor gene PTEN [77]. Dromard et al. [78]
identified two more targets of miR-185, which include
PTPN13, a Fas-associated protein tyrosine phospha-
tase and a putative tumor suppressor gene that can
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inhibit PI3K/ AKT signaling, suppress the influence of
insulin-like growth factor-I on cell survival, and in-
duce apoptosis, and suppress KCNJ16, a member of
the potassium channel subfamily of membrane pro-
teins [79].

It has been reported that miR-26a target PTEN,
and may therefore block its translation leading to
downstream signaling effects that could result in the
initiation of protein translation, mediated through
mTOR signaling pathway. In addition, miR-26a
overexpression targets histone methyltransferase, an
enhancer of Zeste homolog 2 (Ezh2), thereby pro-
moting cellular differentiation [80]. Expression of
miR-16, located on chromosome 13q14, can interfere
with either oncogenic or tumor suppressor pathways
[53]. Bcl-2 protein has been reported as one of the
miR-16 target genes. Transfection of anti-miR-16
suppresses miR-16 function, can upregulate the Bcl-2
expression and induce apoptosis in cancer cells [81].
MiR-16 can also regulate two other targets, such as
HMGAL1 and caprin-1, which are involved in cell pro-
liferation [82].

Breast cancer

Breast cancer is the most common malignant
tumor in women, accounting for 31% of all female
cancers worldwide [83, 84]. The major reason for
therapeutic failure is the development of resistance
against current therapeutic agents. It is increasingly
evident that drug resistance develops in mammary
carcinoma cells after prolonged exposure to the
antineoplastic agents [85]. It is also likely that resistant
cells present in the tumor before treatment evade
therapy and facilitate relapse.

Drug-resistant tumors are best described by
their ability to undergo epithelial to mesenchymal
transition (EMT) and enrichment of tumor-initiating
cells (TIC). This results in highly aggressive tumors,
usually after a period of dormancy. Recent studies
have strongly demonstrated that miRNAs could reg-
ulate both EMT [86] and formation of cancer-initiating
cells [87]. Considering the ubiquitous role of miRNAs
in regulating numerous cellular pathways, it is highly
possible that they can play key roles in EMT transition
as well as contribute for the development of re-
sistance. Sarmila et al., reported that tamoxi-
fen-resistant and tamoxifen-sensitive derivatives of
human breast adenocarcinoma cell lines (MCF?)
showed increased expression of miR-221, miR-222,
and miR-181b, and downregulation of miR-21,
miR-342, and miR-489 in the tamoxifen-resistant cells
[88]. Expression of miR-221, miR-222, and miR-181b
was  also  significantly  elevated in  the
HER2/neu-positive primary human breast cancer that
is known to exhibit relatively high level of resistance

to endocrine therapy [89]. The level of cell cycle in-
hibitor p27 (Kipl), one of the targets of miR-221/222,
was significantly decreased in tamoxifen-resistant
cells. MiR-24, miR-27, miR-23, and miR-200 were also
downregulated in the tamoxifen-resistant cells. Simi-
larly, other results suggest increased expression of
miR-375, miR-171, miR-213, miR-203, and miR-32 in
drug-resistant breast cancer cells [89].

Notably, suppression of miR-21 can inhibit tu-
mor growth by targeting tumor suppressor tropomy-
osin 1 (TPM1) protein. In addition, the tumor sup-
pressor protein programmed cell death 4 (PDCD4)
gene is also regulated by miR-21, and it has been
demonstrated that PDCD4 is a functionally important
target for miR-21 in breast cancer cells [90]. It has been
reported that TWIST, the transcription factor that in-
duces the expression of a specific microRNA
(miR-10a/10b) which suppresses its direct target and
in turn activates another pro-metastatic gene, can
promote tumor cell invasion and metastasis by tar-
geting HOXD10 [91]. MiR-221/222 promotes EMT by
acting on TRSP1 and contribute to more aggressive
clinical behavior of basal-like breast cancers [38].
Dicer, the miRNA processing protein, is low in
ERa-negative breast cancers, because such cells ex-
press high miR-221/222 and Dicer inhibition by
miR-107/103 steers epithelial cancer toward a
less-differentiated, mesenchymal fate to foster metas-
tasis. The miR-17/92 cluster plays an important role
in breast cancer cell invasion and migration by sup-
pressing HBP1 and subsequently by activating
Wnt/ B-catenin. MiR-155 is an oncomiR in breast can-
cer targeting SOCS1, and it has been suggested that
miR-155 may serve as a bridge between inflammation
and cancer [92].

In some cases, miRs contribute actively to sup-
press the cancer cell proliferation, acting as therapeu-
tic agents. For instance, MiR-31 employs multiple
mechanisms to oppose metastasis by targeting ITGA5,
RDX, RhoA, FZD3, M-RIP, MMP16, therefore fighting
the metastatic behavior of breast cancer cells [93].
Downregulation of the miR-200 family may be an
important step in tumor progression, whereby
miR-200 family targets ZEB1 and ZEB2 that have
suppression effect on metastasis [94]. MiR-200c plays
a tumor suppressor role by negatively regulating
EGEF-driven cell invasion, viability, and cell cycle
progression in breast cancer by targeting PLCI.
MiR-200c sensitizes cells to apoptosis mediated by
CD95 that targets FAP1, whereas miR-200c actively
represses a program of mesenchymal and neuronal
genes involved in cell motility and anoikis resistance
by acting on a set of genes, including FN1, LEPR,
NTRK2, and ARHGAP19 [95, 96].
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MicroRNAs such as miR-9 [97], miR-200a,
miR-200b [98], miR-200c [99], miR-141, miR-429 and
miR-205 [100] are associated with the metastasis of
breast cancer. MicroRNAs govern the metastasis of
breast cancer by regulating proteins which maintain
cellular homeostasis. E-cadherin, transforming
growth factor p (TGF-p), HER3, vimentin, am-
phiregulin, and Akt are some of the proteins affected
either directly or indirectly by miRNAs, through
which metastasis of breast cancer is regulated.

Comprehensive microarray analysis by lorio et
al. in 76 breast tumors and 34 normal breast speci-
mens has identified 29 miRNAs which are dysregu-
lated in breast cancer [101]. Also, the expression of
miR-30 was shown to be correlated with estrogen re-
ceptor and progesterone receptor status; expression of
miR-213 and miR-203 was correlated with tumor
stage. The differential expression of several let-7
isoforms was associated with features such as pro-
gesterone receptor status, lymph node metastasis, and
high proliferation index in breast tumor samples. A
study by Mattie et al. has also identified very specific
sets of miRNAs associated with breast cancers that
were defined by their Her2neu/ErbB2 status or their
ER and progesterone receptors status [102]. With re-
spect to differential miRNA expression, especially in
relation to progesterone receptor status, miR-155 was
shown to be expressed at much higher levels in
PR-positive tumors, as shown by blood plasma anal-
ysis [103]..

The search for general regulators of breast cancer
metastasis has identified a set of miRNAs whose ex-
pression is specifically lost as human breast cancer
cells develop metastatic potential. Using human
breast cancer cells in vivo, Tavazoie et al. have shown
that restoring the expression of such miRNAs in ma-
lignant cells suppresses lung and bone metastasis
[104]. Similarly, restoration of miR-126 reduces overall
tumor growth and proliferation, whereas miR-335
was shown to reduce metastatic cell invasion. Given
that expression of mIR-126 and miR-335 is lost in a
majority of primary breast tumors from the relapsing
patients and the loss of expression of either miRNA is
associated with poor metastasis-free survival, and
authors have therefore identified these two mRNAs as
metastasis suppressors in human breast cancer. An-
other study by Foekens et al. have identified four
miRNAs associated with aggressiveness of lymph
node-negative, estrogen receptor positive human
breast cancer [105].

Another interesting work by Zhao and
co-workers implicates specific miRNAs’ role in nega-
tive regulation of estrogen receptor a, especially ele-
vated in ERa-negative cells [106]. MiR-221 and
miR-222 were shown to directly interact with the

3-untranslated region of ERa mRNA. Ectopic ex-
pression of miR-221 and miR-222 in ERa-positive
MCE-7 and T47D cells resulted a decrease in ERa
protein level but not its mRNA levels, whereas
knockdown of miR-221 and miR-222 partially re-
stored ERa in ERa-protein negative/ mRNA-positive
cells. What is important in this observation is that
miR-221- and/or miR-222-transfected MCF-7 and
T47D cells became resistant to tamoxifen compared to
vector-treated cells. Furthermore, knockdown of
miR-221 and/or miR-222 sensitized MDA-MB-468
cells to tamoxifen-induced cell growth arrest and
apoptosis. These findings indicate that miR-221 and
miR-222 play a significant role in the regulation of
ERa expression at the protein level and that they
could be potential targets for restoring ERa expres-
sion and responding to anti-estrogen therapy in a
subset of breast cancers.

Finally, one must recognize that the therapeutic
potential of targeting miRNAs involved in breast
cancer is due to the association of their dysregulation
with tumorigenesis. For example, it has been demon-
strated by the work of Si and colleagues that an-
ti-miR-21 (oncomir) - mediated cell growth inhibition
was associated with increased apoptosis and de-
creased cell proliferation, which could be in part ow-
ing to downregulation of the antiapoptotic Bcl-2 in
anti-miR-21-treated  tumor cells [107]. An-
ti-miR-21-induced reduction in tumor growth was
potentiated by the addition of the chemotherapeutic
agent topotecan, an inhibitor of DNA topoisomerase I,
suggesting that suppression of the oncogenic miR-21
could sensitize tumor cells to anticancer therapy [107].
Conversely, in study by Saito et al. it was demon-
strated that certain miRNAs (e.g., miR-127) were up-
regulated in tumor cells but not in normal cells, sug-
gesting that they are subject to epigenetic silencing. In
addition, the proto-oncogene BCL6, a potential target
of miR-127, was translationally downregulated after
treatment [108]. Results revealed that DNA demeth-
ylation and histone deacetylase inhibition can activate
the expression of miRNAs that may act as tumor
suppressors, therefore presenting another novel
therapeutic strategy for the prevention and treatment
of malignancy [108].

IMAGING MicroRNAs

Molecular imaging methods were developed for
different cellular targets, including proteins and pep-
tides biomarkers, which are involved in various cel-
lular processes. Optical imaging methods have re-
cently been developed to detect and monitor the
functions of microRNAs in intact cells by noninva-
sively imaging them in living animals (Table 1).
However, no radionuclide- based imaging modalities
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such as PET, SPECT and MRI have been explored to
investigate the expression level, functional status, and
therapeutic role of microRNAs either in cells or in
living animals. Prior to the introduction of imaging
methods, microRNA detection was accomplished by
using various conventional methods such as RT-PCR,
northern blot, and microarray analysis. Given the
limitations in technical efficiency, and complexity of
miRNA-mediated cellular processes, conventional
methods are not ideal for carrying out in-depth in-
vestigations. Imaging has the advantages of being
able to monitor miRNA-mediated cellular process in

Table I: Cancer specific microRNAs and their downstream targets.

intact cells and in living animals repeatedly over time,
and is thus a more powerful tool than the conven-
tional assay methods. An example of this is fluores-
cence-based imaging, which employs fluorescent
proteins and many synthetic fluorophores. In addi-
tion, very recently bioluminescence-based imaging
methods such as firefly luciferase (Fluc), Renilla lu-
ciferase (Rluc) and Gaussia luciferase (GLuc), were
used to study the mechanism and role of miR-
NA-mediated gene expression and downstream sig-
naling regulations.

miRNA Tumor type Target gene Role Im-
aging
miR-122 [142] Hepato cellular MDR-1, GST-i;, MRP | liver specific miRNA downregulating the set of target
miR-101 [143] carcinoma Bel-w genes
cyclin B1B!
miR-409-3p 144 Gastric tumor PHF10 Suppressed the expression of Radixin (RDX)
miR-508-3p [143] Renal cell carcinoma overexpression suppressed the proliferation of RCC cells,
miR-509-3p [143] induced cell apoptosis, and inhibited cell migration in vitro
miR-1/ rhabdomyosarcoma | PAX3 Downregulation of the miRNAs stabilizes the expression of | [109]
miR-206 [14] CCND2 PAX3 and CCND?2 in embryonal and alveolar rhabdomy-
miR-29 [147] osarcoma types
miR-196b [148] Gastric cancer ETS2 (ETS)-2, a transcriptional modulator suppressed the ex-
pression of miR-196b
miR-203 [149] Melanoma E2F3a reduction of E2F3a, E2F3b, and ZBP-89 protein level, which
miR-200c, miR-205 E2F3b are highly expressed in human malignant melanoma,
and miR-2111150] ZBP-89 Mewo cells
miR-15 CLL BCL2 Bcl2 repression by miR-15 and miR-16 could induce apop-
miR-16 B1] tosis [119]
miRNA-199%a Many cancer cell MET pro- Ectopic expression of miRNA-199a and miRNA-199a*
miRNA-199a* [151] types to-oncogene induced apoptosis in many cancer cell types through a
caspase-dependent and a caspase-independent pathways
respectively
miR-7 [152,153] Many cancer cell EGFR inhibiting the Akt pathway by targeting upstream regula-
types tors Ras 1 or Ras 2
miR-106a ~ 363 114 T-cell leukemia Kis2
MiR-126 [155] pancreatic cancer ADAM9 tumor suppressor
miR-211156] prostrate cancer MARKS, ANP32A, apoptosis resistance, motility, and invasion
SACA4
miR-17-5p [157] Hepatocellular Car-
cinoma
miR-17/92 18] prostrate cancer MnSOD, GPX2, suppress the tumorigenicity of prostate cancer through
TRXR2 inhibition of mitochondrial antioxidant enzymes
miR-10b 139 159] prostate cancer, Tiam1 inhibition of miR-10b may be used to prevent primary
mammary tumor tumors from becoming metastatic
miR-24/miR-629/H | liver cancer STAT3, IL-6R Positive loop create perturbations, amplify and perpetuate
NF4alpha/miR-124 the knock-down of HNF4alpha
/STAT3/IL-6R [160] [121]
miR-29 family intriguing complementarities to the 3'-UTRs of DNMT
29a, 29b, 29¢, 29s 1461 Non-small cell lung DNMT-3A & 3B
cancer
miR-221/222 1161,162] | Non-small cell lung PTEN and TIMP3 induce TRAIL resistance and enhance cellular migration [114]
cancer
miR-15/16 [163] lung adenocarcino- CCND1, CCND2, Induce arrest in G(1)-G(0) and suppress metastatic condi-
ma CCNE1 tion
miR-200 [43] lung adenocarcino- Flt1/vegfR1 suppress metastatic condition
ma
hsa-miR-200c [51] colorectal cancer MAPKKKS3, elF-4E function as oncogenes
miR-16 [164] Colorectal cancer COX-2 ability of elevated levels of HuR to antagonize miR-16
function
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miR-155 [165] Colorectal cancer hMSH2, hMSHES, Inactivation of mismatch repair [122]
hMLH1
miR-34 [166] Colorectal cancer SIRT1 apoptosis only in colon cancer cells with wild-type p53
miR-17-92 [167] colonocytes TSP-1 and CTGF Upregulated in colonocytes, which coexpresses K-Ras,
c-Myc, and p53 impaired activity
miR15 B-cell chronic lym- deleted or down-regulated in the majority (*68%) of CLL
miR16 B phocytic leukemia cases
miR-155 [168] Diffuse large B-cell highly expressed in DLBCL
miR-21 lymphoma
miR-210 54
bic/miR-155 [169] Lymphoma C-MAF homeostasis and function of the immune system in lym-
phocytes
miR-19 571 T-cell acute lym- BIM, PTEN, coordinate clamp-down on several regulators of phospha-
phoblastic leukemia | PRKAA1, PPP2R5e tidylinositol-3-OH kinase-related survival signals
miR-15/16 [170] Follicular lymphoma increased proliferative capacity and a ‘late” germinal center
B-cell phenotype
miR-216 [71] Pancreatic Ductal Downregulation of miR-216
miR-196a Adenocarcinoma Upregulation of miR-196a & b
miR-196b [172]
miR-221/222 73] Breast cancer p27(Kipl) p27 levels significantly diminished in tamoxifen-resistant
cells
promote EMT
TRSP1
miR-21074] Breast cancer TPM1 Suppression of miR-21 can inhibit tumor growth
PDCD4
miR-107/103 (175] Breast cancer Dicer, let-7 Dicer inhibition by miR-107/103 steers epithelial cancer
toward a less-differentiated, mesenchymal fate to foster
metastasis
miR-17-5p [176] Breast cancer HBP1 cell invasion and migration by suppressing HBP1
activation of Wnt/b-catenin
Wnt/b-catenin
miR-155 [177,178] Breast cancer SOCS1, FOXO3a bridge between inflammation and cancer
regulates cell survival, growth, and chemosensitivity
miR-23a [115]
Pri-miR-9 Mouse embryonic [116]
carcinoma
miR-221 papillary thyroid [118]
carcinoma
miR-20 [120]
miR-9 transferrin receptor [124]
(TfR)
let-7 Lung adenocarci- Ras gene [125]
noma

Fluorescence-based miRNA imaging

Mature miRNAs are known to bind their respec-
tive target sites in the untranslated regions (UTRs) of
the target mRNA. This observation has led to the de-
velopment of fluorescence-based reporter imaging
strategies to monitor the functional status of miRNAs
that were either endogenously expressed or trans-
fected to express. Fluorescent reporters have a coding
sequence of green fluorescent protein (GFP), and
three perfect or imperfect target sequences of miR-1 or
miR-204 in the 3° UTR region were used to study
miRNA-mediated gene silencing, and also to monitor
the processing of exogenously introduced
pri-miRNA-1 [109]. Adopting the same strategy and
reporter gene but with the control of ubiquitously
expressed phosphoglycerate kinase (PGK) promoter,
Brown et al. (2006) have constructed a lentiviral vector

to monitor and optimize the expression of transgene
in hematopoietic lineages with four tandem copies of
miRNA perfect complementary target sequences to
miR-30a, miR-142-5p, or miR-142-3p [110]. It was also
observed that human U937 monocytes and primary
dendritic cells transduced with LV-PGK-GFP-142-3pT
showed an over 100-fold reduction in transgene ex-
pression when compared with LV-PGK-GFP cells
transduced with similar vector copies per genome. In
addition, they could image miRNA regulation using a
bidirectional lentiviral vector comprising
miR-142-3pT in the 3’-UTR of the GFP and a low af-
finity nerve growth factor receptor (ALNGFR) that
expressed both transgenes in 293T cells, whereas only
LNGEFR is expressed in monocytes, suggesting that
the repression of miR target has tagged GFP. This
valuable monitoring tool with four miR target sites for
Let-7a, miR-15a, miR-16, miR-17-5p, miR-145,
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miR-218, miR-223, miR-326, and a scrambled se-
quence (scrT) was transduced in 293T, U937, and
Huh? cells, and the expression level of transgenes was
measured by fluorescence-activated cell sorting
(FACS) and RT-qPCR analysis that reflected the level
of miRNA mediated suppression at protein and RNA
level respectively. Using this method of imaging, they
concluded that the miRNA-mediated suppression
occurred mostly by RNA degradation, although some
vectors facilitated high protein production, rather
than RNA suppression [111].

In 2009, Kato et al. developed a retroviral vector
system to monitor miR-133, a muscle-specific miRNA
that enhanced the proliferation of myoblasts during
myogenic differentiation in living muscle cells, and
the system was successfully evaluated during myo-
genesis in C2C12 mouse myoblast cells [112]. The
vector system was designed in such a way as to ex-
press two different color reporter proteins, GFP and
RFP. GFP’s expression was controlled by LTR pro-
moter, and three copies of complementary sequences
against miR-133 were inserted in tandem downstream
to GFP sequence and upstream of CMV promoter,
which controlled RFP expression. Expression of
miR-133 could reduce the level of GFP, as miR-133
binds to the target complementary sequences, but the
expression of RFP was unaffected, and the RFP cas-
sette was therefore used as an internal control for
normalization [112].

The sensitivity and robustness of this dual-color
miRNA monitoring system was extended to image
living animals by adenoviral vector system. Lentiviral
vector was used in place of retroviral vector to con-
struct the dual-color miRNA imaging system, in
which SV40 promoter drove the expression of GFP in
the reverse direction relative to the vector LTR, while
PGK promoter controlled the expression of RFP.
Three tandem repeats of a target sequence completely
complementary to the double-stranded region of VAI
RNA were incorporated between GFP and the poly
(A) signal sequence. The expression of adenovi-
rus-derived miRNAs had selectively induced a re-
duction in GFP mRNAs containing the target se-
quences of the miRNAs, without affecting independ-
ent expression of RFP that acted as an internal control
in the same vector to avoid integrated-site depend-
ency of proviral vector [113].

Therapeutic agents may be used simultaneously
as molecular imaging agents, and this strategy facili-
tates the study of therapeutic efficacy and other con-
sequences of a particular therapeutic molecule. Mi-
croRNA-221 is highly expressed in papillary thyroid
carcinoma; it has therefore been treated as a thera-
peutic target in thyroid tumor. In 2012, Kim et al. have
developed a cancer targeting theragnostic probe using

AS1411 aptamer and miRNA-221 molecular beacon
(miR-221-MB)-conjugated magnetic fluorescence (MF)
nanoparticle (MFAS-miR-221-MB) to simultaneously
image miR-221 expression, and to inhibit miR-221-
mediated cancer development [114]. MFAS
miR-221-MB is designed with a pair of long and short
oligonucleotides capable of partially binding to each
other at complementary sequences. The long oligo-
nucleotide has a mature miRNA-221 binding se-
quence flanked with an amino group and a disulfide
linkage at 5’end and Cy5 at 3’end, whereas the short
oligonucleotide ~was linked with a black
hole-quencher 2 (BHQ 2) molecule at the 5-end to
nullify the Cy5 fluorescence signal. AS1411 aptamer
was used to target the nucleolin protein so as to lead
the MFAS-miR-221-MB inside the cell. This device
was incorporated into magnetic fluorescent (MF) na-
noparticles to make a complete theragnostic probe.
The specificity of this molecular beacon was assessed
by applying the molecule to fifteen different cancer
cell lines: U-87MG (glioblastoma), PC-12 (adrenal
gland/ pheochromocytoma), F11 (neuroblastoma), C6
(astrocytoma), HepG-2 (hepatocellular carcinoma),
SK-Hep-1 (hepatocellular carcinoma), Caco-2 (colon
adenocarcinoma), CT-26 (colon adenocarcinoma),
TPC-1 (papillary thyroid carcinoma), NPA (papillary
thyroid carcinoma), U-20S (osteogenic sarcoma),
HeLla (cervical cancer), A549 (non-small lung carci-
noma), PC-3 (prostate cancer) and F9 (testicular tera-
toma) and six normal cell lines, including MSC
(mesenchymal stem cell), F3 (neuronal stem cell),
CHO (ovarian cell), 293 (kidney epithelial cell), L132
(lung epithelial cell), and TM-4 (Sertoli cell) cells.
MFAS-miR-221-MB is therefore a potentially versatile
theragnostic molecule, with a replacement of respec-
tive miRNA expressed in other cancer types for sim-
ultaneous therapy and imaging [114].

Bioluminescence-based miRNA imaging

Bioluminescence-based optical imaging (BLI) has
been widely used to monitor the molecular changes in
living cells and in small animal models, because it
displays background-free signal as compared to flu-
orescence-based imaging signals. Firefly luciferase
(Fluc) was predominantly used in various optical
imaging strategies as it emits light (562-610 nm) with
reduced tissue attenuation, whereas Gaussia lucifer-
ase (Gluc) emits light with a 1000-fold intensity when
compared to Renilla luciferase (Rluc) and
Fluc-catalysed light intensity. However, Gluc and
Rluc emit light in the 460nM range, which results in
significant light absorption, compromising the real
signal. In addition, Fluc and Gluc/Rluc uses different
substrates (D-luciferin and coelenterazine are respec-
tive substrates for Fluc and Gluc/Rluc) and provides
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the advantage of multiplexing to monitor multiple
events simultaneously. Due to these benefits in optical
imaging, BLI was used in various miRNA monitoring
imaging systems. It has been employed to investigate
various molecular stages of miRNA processing and its
involvement in different molecular processes, as well
as its implications in cancer. MicroRNA maturation
involves a number of molecular transformations in
nucleus and cytoplasm. To start with, primary miR-
NA (pri-miRNA) is transcribed from genomic DNA
by RNA polymerase II and sequences in 5’-upstream
region of genomic miRNA that control the transcrip-
tion of pri-miRNA, followed by the subsequent pro-
cessing by Drosha and Dicer, but the detailed mecha-
nism behind posttranscriptional regulation of miRNA
has not been investigated thoroughly. To simultane-
ously understand and monitor transcription of
pri-miRNA and the activity of mature miRNA in vivo,
Lee et al. designed and applied a dual reporter system
which contained a Fluc sequence under the control of
miR-23a promoter (miR23P639/Fluc) and Gluc se-
quence tagged with three copies of miR-23a target
sequence in the UTR region just before the poly (A)
tail under the control of cytomegalovirus (CMV)
promoter (CMV/Gluc/3xPT_mir23) [115]. The
changes in Fluc signal indicated the transcriptional
level of miR-23a promoter, whereas suppression of
Gluc signal represented mature miR-23a activity. To
validate this dual reporter system, HeLa cells were
transfected with CMV/Gluc/3xPT_miR-23 vector to
detect repression of Gluc activity by endogenous
miR-23a; 293T cells were co-transfected with
miR23P639/Fluc and CMV/Gluc/3xPT_miR-23 vec-
tors to look for the exogenous over-expression of Fluc
activity and repression of Gluc activity. The dual re-
porter system was shown to be an efficient BLI mon-
itoring system in vivo when nude mice were subcu-
taneously grafted with miR-23P639/Fluc and
CMV/Gluc/3xPT_miR-23 vectors-co-transfected
HeLa and 293T cells (Figure 2). Following the same
method, Ko et al. in 2008 developed a bioluminescent
luciferase reporter gene system to monitor the en-
dogenous expression of pri-miR-9s during neuronal
differentiation in P19 cells, a mouse embryonic carci-
noma cell line. pGL3 basic promoter-less reporter
vector was cloned with 1343 bp fragment upstream of
the pri-miR-9-1 from human genomic DNA, and the
Fluc activity that indicated the promoter activity of
pri-miR-9-1 during retinoic acid-induced neuronal
differentiation was measured. Furthermore, to char-
acterize the minimal region of 1343 bp fragment, it
was split into five different segments by PCR, 1387 to
44 bp (miR-9-1PN1_Fluc), 846 to 44 bp
(miR-9-1PN2_Fluc), 530 to 44 bp (miR-9-1PN3_Fluc),
236 to 44 bp (miR-9-1PN4_Fluc), and 135 to 44 bp

(miR-9-1PN5_Fluc;), cloned into promoter-less vector
and transfected into P19 cells. Luciferase assay was
performed two days post-treatment of P19 cells with
retinoic acid. Of these five different constructs,
miR9-1PN3_Fluc showed greater Fluc signal after
neuronal differentiation when compared to other four
truncated promoter constructs, and this result indi-
rectly indicated the endogenous level of pri-miR9-1
during neurogenesis. In addition, this shows that
negative promoter elements of pri-miR9-1 transcrip-
tion may be involved in the upstream region between
-846 and -531 bp, and that positive element may be
involved between 530 and 237 bp. Thus, the use of
miR9-1PN3_Fluc construct was proposed to be useful
for in vivo imaging of gene expression controlled by
endogenous pri-miR-9 during neurogenesis. This
imaging system was also used to monitor the endog-
enous expression of pri-miR9 in mice by subcutane-
ously implanting P19 cells transfected with
miR9-1PN3_Fluc construct. The Ko group also de-
signed a Gluc-based imaging system to study the ex-
pressions of mature miR9 and miR9* during neuro-
genesis by inserting three copies of perfectly com-
plementary sequences of mature miR-9 (CMV/ Gluc /
3xPT_miR-9) or miR-9* (CMV/ Gluc / 3xPT_miR-9%).
The GLuc activities of CMV/ Gluc / 3xPT_miR-9 and
CMV/ Gluc / 3xPT_miR-9* were repressed by cognate
mature miR-9 and miR-9%, respectively, when miR-9
or miR-9* was present in the cells. HeLa cells were
used to normalize the Gluc activities by transfecting
pre-miR9 or pre-miR9*, as they express no mature
miR9. In 2009, the same group used a Gluc reporter
vector bearing 99 nucleotides from the 3’-UTR of the
cl4orf24 gene containing a miR124a seed sequence
under the control of a CMV promoter to image
miR124a-regulated repression in neuronal differenti-
ation of P19 cells, and the same system was estab-
lished for in vivo imaging in mice [116].

MicroRNAs such as miR-146b, miR-221, and
miR-222 have been shown to be upregulated in pa-
pillary thyroid carcinoma (PTC), the most common
malignant thyroid cancer in human. To evaluate the
regulation and the implication of miR-221 in PTC
specifically with homeobox B5 (HOXB5), a gene
known to be directly regulated by miR-221, in 2008,
Kim et al. developed a Gluc-based imaging system
that contains a seed sequence of mature miR-221 in
the UTR of HOXB5 after the Gluc stop codon. They
constructed three different plasmid vectors:
CMV/Gluc-SR, containing 100-base pair (bp) oligo-
nucleotides near the seed region (SR) that binds
miR-221 in the 3" UTR of HOXB5; CMV/Gluc_3xSR,
containing 3 repeats of the 34-bp SR that binds
miR-221 in the 3 UTR of HOXB5, and
CMV/Gluc_MT, containing completely changed se-

http://lwww.thno.org



Theranostics 2013, Vol. 3, Issue 12

976

quences of the SR in the 3" UTR of HOXB5. They were
transfected into NPA, a human PTC cell line,
co-transfected with pre-miR-221. Gluc activity with
endogenous miR-221 was slightly decreased, but sig-
nificantly decreased with the co-transfection of ex-
ogenous pre-miR-221 [117]. In 2009, they developed
another Gluc based imaging system,
CMV/Gluc-3xPT_miR-221, in which three perfect
complementary target sequence repeats of mature
miR-221 were incorporated in the 3’-UTR of Gluc, and
a significant reduction of Gluc activity was observed
due to endogenous miR-221 in HT-ori3, NPA, and
TPC-1 cells. The same imaging system was shown to
be efficient in monitoring miR-221 function in vivo, as
was shown by implanting NPA cells that were trans-
fected with CMV /Gluc-3xPT_miR-221 [118].
MicroRNA-16 was already proven to inhibit
prostate cancer cell proliferation and invasion by tar-
geting CCND1 (cyclin D1), WNT3A, and BCL2. To

Left Right

HelLa_Gluc 293_Gluc

further validate this observation, Takeshita et al.
(2010) developed a dual-luciferase imaging system
that monitors the therapeutic value and delivery sta-
tus of synthetic miR-16 in prostate cancer xenograft
model. The prostate cancer cells, PC-3M-luc, were
transfected with pGL4.75 [HRuc/CMV]-Bcl2 3'UTR,
in which 3’UTR of Bcl2 was inserted in pGL4.75 vector
downstream to hRluc sequence, and the clones ex-
pressed both luciferase genes were used for xenograft
model. Synthetic miR-16/atelocollagen complex was
administered to mice after nine weeks of tumor im-
plantation through tail vein, and Rluc luminescence
was found to be reduced by less than 50% when
compared to signal obtained prior to treatment. In
addition, the same system confirmed the miR-16 me-
diated downregulation of Bcl2, which helped estab-
lish the metastatic tumor inhibitory role of the afore-
mentioned microRNA [119].

(x107)
6
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Figure 2. In vivo visualization of expression of pri-miR-23a transcripts and activity of mature forms of miR-23a in nude mice. (A) Hela cells, (B) 293 cells,
and (C) undifferentiated P19 cells were transfected with miR23P639/Fluc and CMV/Gluc/3xPT_mir23, and were grafted (1 X 10 cells) to right side of mice.
The same cells transfected with pGL3_basic and CMV/Gluc were grafted to left side as controls. Quantitative data from imaging in vivo were obtained by
ROI analysis and are shown next to each small-animal picture. Gluc images were acquired first with coelenterazine, and then Fluc images were then
acquired with D-luciferin. When viewing Fluc images, pay attention to increased bioluminescence on right side of grafted cells expressing pri-miR-23a
transcripts. When viewing Gluc images, note the decreased bioluminescence on right side compared with luciferase activity on left-sided CMV/Gluc
controls, disclosing mature miR-23a activities. Fluc activities increased in all animals on right side, and Gluc activities decreased in Hela and P19 cells, but
decreased the least in 293 cells transfected with CMV/Gluc/3xPT_mir23 on right side.

In vitro chemiluminesce detection system for
quantitative evaluation of miRNA:s in cells ly-
sates

MicroRNA detection in live cells and small ani-
mals was made possible with various fluorescence
and bioluminescence-based reporter gene imaging
methods in which different sets of plasmid and viral

vectors were employed. Plasmid and viral vec-
tor-based imaging systems could be used only in live
cells and animals to monitor miRNAs that are en-
dogenously expressed or exogenously transfected to
express. To simply monitor the miRNA level in vitro
Ma et al. (2011) developed a sensitive chemilumines-
cence-based miRNA detection method in which
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3'-amino-modified LNA-DNA oligonucleotide probes
complementary to the respective miRNA were im-
mobilized on the cover slip and the miRNA sample
was hybridized with the probe. Subsequently, the
miRNA-probe hybrid was allowed to react with a
mixture of poly(U) polymerase and UTP, and the re-
sulting PPi was converted to ATP with the help of
adenosine phosphosulfate (APS) and ATP sulfurylase.
Eventually, D-luciferin and firefly luciferase were
added and visualized by chemiluminescence micros-
copy imaging with an ultrasensitive intensified
charge-coupled device (ICCD) camera. It was very
sensitive and efficient when compared to other
miRNA detection methods, such as northern blotting,
electrochemical assay, fluorometric assay, surface
plasmon resonance (SPR) imaging, and fluorescence
correlation spectroscopy, and the chemiluminescence
limit of miRNA detection was found to be 50 fM. Also,
the multiplexing capability of the detection system
was demonstrated with miR-20 and let-7a LNA
probes that had dissimilar sequences [120]. However,
this method is not as sensitive as the RT-PCR assay
currently used for in vitro miRNA detection.

Modern imaging methods were developed for
monitoring expression levels of miRNAs and the as-
sociated target genes independently. Ponomarev et al.
(2011) developed cytometry-based imaging protocol
for simultaneous visualization and quantification of
miRNAs and their putative target genes. It was vali-
dated in a neuronal cell line, NIE115, with
miR-124-FITC, a miR-124 specific probe, and cyclin
dependent kinase 6 (CDK6) primary antibodies and
AlexaFluor-660-conjugated secondary antibody. The
images were acquired and analyzed by ImageStream
100 imaging cytometer and IDEAS software. The
method was found to be sensitive and efficient for
quantitative evaluation of miRNA and target expres-
sion in individual cells, as it employs the power of
different lasers at 405, 488, and 658 nm to provide
good signal separation with little effect on the overall
fluorescent signal. Furthermore, its ability to analyze
very small numbers of cells and characterize miRNAs
and target expression in diverse cell subsets, includ-
ing stem cells, immune cells, solid tissues and tumors,
makes it a useful imaging technique. It has been iden-
tified as an ideal imaging method to simultaneously
detect and quantify miRNA and target genes for iso-
lated primary cells with an efficiency comparable to
that attained with cultured cells [121].

In 2009, Nuovo et al. designed RT-PCR in situ
hybridization method to detect miRNA precursors.
This method comprises three applications, RT in situ
PCR to detect the miRNA precursors, miRNA in situ
hybridization with locked nucleic acid (LNA) probes,
and the analysis of putative miRNA targets by im-

munohistochemistry co-labeling for the protein of
interest. Using this method, miRNA could be detected
from paraffin-embedded and formalin-fixed tissue.
The protocol included a brief protease digestion,
overnight hybridization, low stringency wash and
co-labeling by immunohistochemistry using Anti-
digoxigenin-AP/ NBT/BCIP-based detection. Ex-
pression of miRNA miR-155, which is upregulated in
lymphoproliferative diseases, such as AIDS and colon
cancer, was demonstrated with this hybridization
method. Although the versatility of the protocol was
demonstrated, it has certain limitations. For example,
the primers used for RT in situ PCR were not efficient
enough to differentiate the precursor and primary
miRNA molecules, and very low concentrations of
miRNAs also could not be detected with LNA in situ
hybridization method. In addition, certain proteins
may demonstrate non-specificity with the immuno-
histochemistry method [122].

In 2011, Roy et al. designed a microfluid-
ic-assisted microarray with differential interference
contrast (DIC) imaging technique to detect miRNA.
This is a hybridization-based technique in which the
aminated two-segmented oligonucleotide capture
probes were immobilized on flat glass slides with a
photolithographically-patterned and etched pas-
sivation layer, and hybridized with target miRNA
strands and then with GNP tagged signaling probes.
Roy et al. reported that this array technique can detect
300 copies of target miRNAs in 1.0 pul sample volume
[123].

Multimodal imaging

Application of multimodal imaging is a prereq-
uisite for eliminating the limitations encountered
when using optical imaging (e.g., bioluminescence-
and fluorescence-based imaging modalities). Tissue
attenuation restricts application of optical imaging in
revealing therapeutic value of miRNAs in various
internal organs cancers. Multimodal imaging resolves
these issues by combining superior qualities of two or
more imaging modalities. Nanoparticles are suitable
imaging agents that facilitate multimodal imaging
due to their ability to adopt different imaging mole-
cules in a single imaging compound. A reverse com-
plementary multimodal imaging system was devel-
oped to image miR-9 during neurogenesis using
transferrin receptor (TfR) and a magnetic fluorescence
(MF) nanoparticle-conjugated peptide targeting TfR
(MF targeting TfR) (Figure 3). Nanoparticle-targeted
TfR is internalized into the cell in the absence of
miR-9, and as a result, high fluorescence and low MR
signals are generated. By contrast, low fluorescence
(signal-off) and high MR signals (signal-on) were ob-
served due to high level expression of miR-9 that re-
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presses TfR expression. This multimodal imaging
system also proved to be efficacious in vivo for imag-
ing the involvement of miR-9 in neurogenesis [124].

Other MiRNA Imaging methods

Optical imaging methods employing biolumi-
nescent and fluorescent reporters are prevalent in
preclinical evaluation of miRNA’s therapeutic effi-
ciency. Currently, attempts are underway to apply
other advantageous imaging methods to image
miRNA either directly to study its expression level, or
indirectly by targeting proteins linked to pathways
controlled by miRNAs. Recently, Cherenkov Lumi-
nescence Imaging (CLI) and gamma camera imaging
were demonstrated to be useful for evaluating the role
of miRNA, let-7, in lung adenocarcinoma A549 cells
using human sodium/iodine symporter (hNIS) as a
reporter and 3'-UTR sequence of Ras gene (RU) as a
target of let-7. Gamma camera imaging (r?=0.9893)
and radioactivity counting (0.9779) were highly cor-
related with CLI. As a result, these two imaging
methods were identified for the first time as efficient
tools for monitoring the expression of let-7 [125].

@+

MF nanoparticle Peptide targeting TfR

MiR9 TfR reporter gene
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Imaging Therapeutic role of miRNAs in cancer

It has been well established that miRNAs govern
the expression of genes that take part in different cel-
lular processes and maintain cells homeostasis. Mul-
tiple miRNAs can control the expression of single
mRNA. By contrast, one miRNA can control the ex-
pression of several mRNAs, and a group of miRNAs
can influence the upregulation of certain mRNAs,
while others can suppress the expression of several
other genes so as to maintain the cellular homeostasis.
Dysregulation of these miRNAs has been implicated
in various types of cancer. In addition, some miRNAs
act as oncogenes and others as tumor suppressors by
mediating unique molecular mechanisms. Due to this
pivotal involvement of miRNAs in cancer develop-
ment and progression, they are becoming important
therapeutic targets for cancer treatment. Various ap-
proaches of miRNA-based therapeutic developments
are under investigation, most of which falling under
two major approaches: 1) inhibition of selective
miRNAs, which are overexpressed and contribute to
tumorigenesis, and 2) supplementation of selective
miRNAs, which are downregulated in tumors.
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Figure 3. Schematic of the reverse complementary multimodal imaging system.

MicroRNAs from the miR-200 family have been
implicated in the progression of polymetastasis from
oligometastatic state, which was proposed to be an
intermediate stage in metastatic state. MiR-200c was
shown to be involved in polymetastasis progression

using microRNA-200c enhancement in oligometa-
static cell line and oligometastatic-polymetastatic
xenograft model [126]. Akinc et al. (2007) developed a
lipid-like delivery molecules, lipidoids, to deliver
single-stranded antisense 2’-O-methyl (2'-O Me)
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modified complementary oligoribonucleotides tar-
geting miR-122 and tested their efficiency in mouse
model. They injected anti-miR-122 formulated with
lipidoid *Ni2-5, at 5mg/Kg for three consecutive
days, and examined its efficiency by evaluating si-
lencing of miR-122 function and the upregulation of
miR-122 target genes such as Gpx7, Hfe2, Lass6,
Slc35a4, Tmed3, Tmemb50b, and AldoA [127].
Krutzfeldt et al.,, (2005) developed chemically
modified, cholesterol-conjugated single stranded
RNA molecules complementary to specific miRNA
called antagomiRs. They administered antagomiRs
against miR-16, miR-122, miR-192, and miR-194 in-
travenously in mice, and observed a marked reduc-
tion of corresponding miRNA levels in liver, lung,
kidney, heart, intestine, fat, skin, bone marrow, mus-
cle, ovaries, and adrenal gland. To prove the biologi-
cal significance of miRNA silencing with antagomiR,
they targeted miR-122, an abundant liver- specific
microRNA and analyzed their target mRNA levels by
Affymetrix arrays and reverse transcriptase poly-
merase chain reaction (RT-PCR). Furthermore, they
observed a strong enrichment of miR-122 recognition
motif at 3’-untranslated regions (UTR) of upregulated
mRNAs by UTR sequence analysis of 9554 mRNAs
and a specific miR-122 recognition motif, CACTAC,
which corresponds to nucleotides 2-7. The core nu-
cleus sequence of miR-122 was observed in more than
50% of upregulated mRNAs. The length and concen-
tration of miR-122 antagomiR was optimized to si-
lence endogenous miR-122, and oligomer of 23 to 25
nucleotides was found to be the optimal length for
significant silencing of miR-122. However, the silenc-
ing efficiency of antagomiR was completely lost when
the length was reduced to 19 nucleotides. Addition or
even a deletion of 2 nucleotides did not significantly
affect the silencing efficiency of miR-122 antagomiR.
While testing the consequences of different mismatch
numbers in the antagomiR sequence on miR-122 lev-
els and miR-122 targets, four mismatches, two mis-
matches or a single mismatch at position 19 was
found to be sufficient to prevent downregulation of
miR-122 and upregulation of three different miR-122
targets (AldoA, Tmed3, and Hfe2), as measured by
RT-PCR. Single nucleotide mismatch was identified to
be position-dependent in antagomiRs because single
nucleotide mismatches at nucleotide 1 and 11 did not
prevent downregulation of miR-122 levels or target
regulation [128].MiR-126 has been shown to be highly
expressed in human endothelial cells. To explore the
possible involvement of miR-126 in arteriogenesis and
angiogenesis, Solingen et al. (2009) developed a cho-
lesterol-conjugated modified antagomiR RNA with 21
nucleotides in length and a control RNA of identical
length but random sequence (Scrambled-miR), and

proved that antagomiR-126 specifically silenced
miR-126 in endothelial cell, EC-RF24. Using antago-
miR-126, they established that miR-126 has no effect
on in vitro angiogenesis, cell migration, and prolifera-
tion, and in vivo arteriogenesis, and ischemia-induced
angiogenesis [129]. We developed a delivery system
using biodegradable PEGylated-PLGA-nanoparticles
co-encapsulated with chemically modified antago-
miRs (antagomiR- 21 and antagomiR-10b), and used
firefly luciferase reporter containing 3"UTR of maspin,
miR-21 target gene, to assess the therapeutic efficacy
of chemically modified antagomiRs [130] (Figure 4).

In 2003, Boutla et al. applied a strategy of using
DNA as bait to silence miRNAs. They custom- syn-
thesized DNA antisense oligonucleotides comple-
mentary to 11 different miRNAs, which are known to
be expressed and involved in early embryo develop-
ment in Drosophila, and investigated their efficiency
in silencing the miRNAs, and found that they were
associated with Drosophila embryo development.
DNA antisense oligonucleotides specific to miR-1,
miR-2a, miR-3, and miR-13a caused a variety of de-
velopmental defects within 48 hours after oligonucle-
otide injection, while the rest of them elicited partial
or no response [131].

Davis et al. (2006) investigated the effect of anti-
sense RNA oligonucleotide (ASO) modifications to
confer effective miR-21 silencing by using luciferase
reporter vector system. They evaluated the effect of
2’-sugar modifications such as phosphorothioate (PS)
oligonucleotides with uniform 2’-O-MOE, 2’-O-Me or
2’-flouro (2'F) substitution, along with a 2"-O-MOE-PS
compound containing seven high affinity LNA sub-
stitutions, one at every third position. The results
showed a significant increase in affinity compared to
DNA with 2-O-Me = 2-O-MOE < 2-F <
2’-O-MOE/LNA 24 hours after ASO treatment. No
significant cytotoxic effect was observed up to 11nM
ASO treatment [132].

Replacement of miRNAs that are responsible for
causing cancer was attempted by many investigators
as a therapy for various cancers. It could be accom-
plished either by transient transfection of dou-
ble-stranded miRNA mimetics, or by introducing
vectors that are capable of overexpressing a specific
miRNA. Both of these approaches are aimed at
re-establishing miRNA expression prevailing prior to
the onset of cancer to keep the homeostatic genes
under control. The function of double-stranded
miRNA introduced in this fashion was similar to that
of the endogenous miRNA in targeting the respective
mRNAs. However, this approach had certain limita-
tions, such as instability of the introduced dou-
ble-stranded miRNA, lack of stable expression of
miRNA, and the difficulty in systemic delivery
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[133-135]. These shortcomings could be resolved with
another approach, in which specific miR-
NA-expressing plasmids or viral vectors under con-
trol of promoters like Pol II are introduced. This sup-
plements the respective miRNAs for a longer period
and the expressed miRNAs follow the endogenous

processing mechanism to become mature miRNAs
[136, 137]. Moreover, expression of multiple miRNAs
in a single transcript could be achieved. It must be
kept in mind that viral vectors pose some risks, such
as insertional mutagenesis and redundant immune
response, which limit their clinical use.

A

PLGA-AntagomiR
' Tumor

SUM159 tumor 24 hr after
PLGA-injection

C

CyS

Liver-Control

Liver-30 mins

Liver-24 hrs

8

H&E H&E

Figure 4. A. Schematic of antagomiR-21 encapsulated PLGA nanoparticles (500ug: 2.5ug RNA) systemically injected in mice bearing SUMI159 subcuta-
neous tumor, by tail vein. B. Fluorescent microscope image of tumor slices of animals sacrificed 24 hrs after the injection of PLGA-NP-Cy5-antagomiR-21
for released Cy5-antagomiR-21. C. Fluorescent microscope image of liver and kidney slices of animals sacrificed 30 mins and 24 hrs after the injection of
PLGA-NP-Cy5- antagomiR-21 for released Cy5-antagomiR-21 and corresponding H&E stained slices. D. Optical fluorescence imaging of animals implanted
with SUMI159 cells pre-exposed with PLGA-NP-Cy5-antagomiR-21 for 24 hrs. The animals were periodically imaged for Cy5- antagomiR-21 signal. The
images shown here are animals imaged on day2 and day 10. The images are adjusted in the same scale for comparison.

http://lwww.thno.org



Theranostics 2013, Vol. 3, Issue 12

981

MicroRNA sponges are plasmid or viral vectors
constructed with multiple target sites complementary
to an endogenous miRNA, which were used to sup-
press specific miRNA targets. They are designed to
have multiple miRNA binding sites (4 to 10) at 3’UTR
of a reporter gene with a bulge in a position where
Argonaute 2 cleaves, and are driven by high expres-
sion promoters, such as CMV promoter [138]. Spong-
es are advantageous over chemically modified anti-
sense oligonucleotides as they are specific to target
miRNAs and can be easily delivered using viral vec-
tors in difficult-to-transfect cells (see review [139]).
Because the sponge miRNA binding sequences form
base pairs with miRNAs seed region, it captures all
members of a miRNA seed family. Unlike antisense
oligonucleotides, miRNA sponges blocks all the
miRNAs belonging to a seed family. MiRNA sponges
constructed with bulged multiple binding sites
showed a significant inhibition of cell growth when
compared to sponges with perfect multiple binding
sites. A miR-19 sponge with multiple binding sites
was shown to be efficacious to inhibit the growth of
WEHI-231 B-cell lymphoma cells, which over-express
miRNAs of the miR-17~92 cluster [140]. Although
miRNA sponges are efficient in effecting cell growth
arrest, they are still primitive in miRNA-based ther-

apy.
Future Directions

MicroRNAs are emerging as important thera-
peutic targets, as they play key roles in regulation of
oncogenes, tumor suppressor genes, and genes regu-
lating cancer growth, metastasis and apoptosis. De-
tection of miRNA in circulating blood and from lo-
calized tissues is also evolving as new prognostic
markers in determining the therapeutic response in
different types of cancer, which are difficult to predict
due to the shortage of highly effective and sensitive
detection methods available for these factors. Since
the inception of miRNA research, conventional tech-
niques such as PCR-based methods, northern blot and
microarray-based methods are used to investigate
their role and implications with various diseases.
However, the advancement of miRNA research to
reveal the therapeutic role of various miRNAs has
been hampered by the shortcomings of routinely us-
able methods. The versatility and power of molecular
imaging can help elucidate the physical and physio-
logical roles of various proteins involved in cellular
functions. Recently, molecular imaging methods have
been instrumental in accelerating the investigation of
miRNAs associated with various diseases, particu-
larly cancer. Optical imagings, such as fluorescence-
and bioluminescence-based imaging methods have
been used to detect and evaluate the therapeutic effi-

cacy of various miRNAs. Besides the applications of
optical imaging in miRNA research, other imaging
modalities, such as PET, SPECT, MRI, and CT remain
to be fully explored to evaluate the therapeutic value
of various miRNAs.

Epigenetic modifications were recently shown to
control the expression of miRNA coding genes [141].
For example, miRNAs were implicated with DNA
methylation and histone modifications. Further in-
vestigation of miRNAs associated with epigenetic
regulation of cancer may open a venue of miRNA
therapeutics. Molecular imaging methods are under
evaluation to detect and monitor the epigenetic mod-
ifications both in cells and animals. In addition, efforts
to image the role of miRNA in carcinogenesis using
molecular imaging are underway, which should help
realize the full potential of miRNA-targeted cancer
therapy.

Summary and Conclusion

Basic research data on microRNAs are being
accumulated from the rapid expansion of insight into
their molecular mechanisms and implications for
various diseases, especially cancer. Although inten-
sive research is underway, the complete mechanisms
by which microRNAs exert control over the expres-
sion of various genes have yet to be clearly estab-
lished. Molecular imaging can greatly facilitate efforts
to understand the roles of various miRNAs associated
with cancer. However, thus far only optical imaging
has been widely developed and used to study the
involvement of miRNA in cancer. Applications of
optical imaging are limited to preclinical research due
to limitations such as tissue attenuation of imaging
signals and lack of tomographic informations. As
other radionuclide imaging modalities are adopted
for this use, the full therapeutic value of miRNAs may
be realized in the near future by imaging in human.
Development of systematic approaches using miR-
NAs with specific chemical modifications, an efficient
in vivo delivery system, and ability to monitor both
miRNAs and their downstream physiological effects
will help advance their therapeutic application and
lay the foundation for an independent discipline with
clinical utility.
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