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Abstract
Pancreatic cancer (PC) is the fourth leading cause of cancer related deaths in the U.S., with a less
than 6% five-year survival rate. Treatment is confounded by advanced stage of disease at
presentation, frequent metastasis to distant organs at the time of diagnosis and resistance to
conventional chemotherapy. In addition, the molecular pathogenesis of the disease is unclear. The
extensive study of miRNAs over the past several years has revealed that miRNAs are frequently
de-regulated in pancreatic cancer and contribute to the pathogenesis and aggressiveness of the
disease. Several studies have tackled the practical difficulties in the application of miRNAs as
viable therapeutic and diagnostic tools. Given that a single miRNA can affect a myriad of cellular
processes, successful targeting of miRNAs as therapeutic agents could likely yield dramatic
results. The current review attempts to summarize the advances in the field and assesses the
prospects for miRNA profiling and targeting in aiding PC treatment.
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INTRODUCTION
Pancreatic cancer is a highly lethal malignancy and the fourth leading cause of cancer
related deaths in the U.S., with a less than 6% five-year survival rate [1]. The main reasons
for the dismal prognosis of PC include the lack of understanding of its pathogenesis, a
dearth of early diagnostic markers and molecular targets, and resistance to conventional
therapy. Due to the deep abdominal location of the pancreas and the insidious nature of the
disease, the clinical presentation of PC usually occurs at a late stage, by which time the
disease has typically metastasized to local and distant organs in more than 85% of patients,
rendering surgical and other medical interventions largely ineffective [1, 2]. Consequently,
the mortality rate for the disease is nearly equal to its incidence. In light of these sobering
facts, it is imperative to understand the molecular pathogenesis of PC so as to unearth early
detection markers and molecular targets to design effective treatment regimens.
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MicroRNAs (miRNAs)are non-coding RNAs (usually 18–24 nucleotides long) that are
transcribed by RNA polymerase II and negatively regulate gene expression at the post-
transcriptional level [3], either via degradation of mRNA (complete complementarity) [4] or
inhibition (incomplete complementarity) of mRNA translation into protein [5]. They are
phylogenetically conserved across species [6]. According to the miRBase 19 miRNA
sequence database, more than 21,264 miRNA genes have been identified in 193 species and
thus far, 1600 human and 855 mouse precursor miRNAs have been discovered. The
miRNAs play an important role during development and normal physiological processes,
like myoblast and cardiomyocyte proliferation and differentiation [7, 8], hematopoietic
lineage differentiation [9], and cell fate specification.

Similarly, studies have shown that miRNA expression profiles are unique to each tumor type
[10], are tissue specific [11] and are a better source of pathognomonic tumor data than
expression profiles of mRNA [10]. Most miRNAs are located at the genomic regions
associated with cancer such as fragile sites, or are adjacent to regions of loss of
heterozygosity/amplifications. Thus, miRNAs represent a novel class of molecules that play
an important role in gene regulation. Aberrant expression patterns of miRNAs have been
reported in various cancers [12–19] and are associated with cancer pathogenesis [20–25],
apoptosis [26, 27], and cell growth [28], thereby functioning as either tumor suppressors or
oncogenes and contributing to tumor development and progression. Hence, these patterns
may have diagnostic, prognostic and therapeutic values in several human malignancies. The
present review focuses on the current status of miRNAs and their use for therapy of cancers,
particularly, in pancreatic cancer.

Biogenesis of miRNAs
The generation of mature miRNA (18–24 nucleotides) is a complex process involving a
series of enzymatic reactions taking place both in the nucleus and cytoplasm [29] (Fig. 1).
Initially, RNA polymerase II transcribes a long hairpin shaped precursor transcript called the
pri-miRNA [3]. The pri-miRNA is trimmed into a ~ 75 nt long pre-miRNA by the
ribonucleoprotein complex, Drosha/DGCR8 in the nucleus. The pre-miRNA is then
transported to the cytoplasm by Exportin 5 [30], where the Dicer/TRBP complex removes
the hairpin loop of the pre-miRNA. Subsequently, a RISC (RNA induced silencing
complex) is formed, which removes one strand from the still-double stranded miRNA. The
strand with the poorer 5′ end stability is removed, and the other is termed the “guide strand.”
The RISC contains the argonaute protein or Ago, which, in humans, has 4 isoforms (1, 2, 3,
and 4). The mRNA target is degraded only when the miRNA strand is bound to the Ago2-
RISC [31]. The 2–8 bases at the 5′ end of the miRNA, termed the “seed” region, bind to the
3′ untranslated region of the target mRNA [3]. The extent of complementarity between the
miRNA and its’ target mRNA also determines whether the target is degraded or its’
translation is inhibited. Since perfect complementarity with the target mRNA is not a pre-
requisite for mRNA regulation, a single miRNA can modulate levels of several hundred
target mRNAs (Fig. 1).

miRNA BASED CLINICAL APPLICATIONS AND THERAPEUTIC
STRATEGIES
miRNAs in Diagnosis, Classification of Tumors and as Prognostic Indicators

Over the last several years it has emerged that miRNA profiling can be used as a means to
supplement traditional morphological and histological classification of tumor subtypes. It
has been shown that miRNA profiling is superior to expression profiling of protein coding
mRNAs for the purpose of determining a tumor sub-type as well as the tumor differentiation
state and the developmental lineage of the tumor [10].
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The profiling of miRNAs offers several advantages: miRNAs are highly stable in formalin-
fixed tissues, plasma and serum miRNAs are stable [32], and even minute amounts (10ng)
of total RNA are sufficient to obtain a miRNA expression profile [33]. Also, since the
miRNA expression profile changes in virtually all tumors, a cohort of miRNAs for each
tumor can be used to designate a good/poor prognosis. For instance, miR-210 has been
shown to have a strong prognostic value in breast cancer, and its over-expression alone was
sufficient to predict the poorer survival of patients [10, 34].

The levels of miRNA in the plasma, urine and feces of patients also reflect the presence of
tumors [35]. Certain studies suggest that cells leach miRNA into the bloodstream via the
passive process of necrosis [36]. On the contrary, some studies support the notion that
plasma miRNAs are actively packaged in exosomes [37] and may even enter circulation as
‘free’ miRNAs bound to Argonaut proteins [38]. It has also been shown that the plasma
miRNA profile does not reflect the one present in the tumor [39].

MiRNAs in Cancer Therapy
miRNAs target the 3′ UTR of target mRNAs causing either degradation of the mRNA
(complete complementarity to target mRNA 3′ UTR region) or the inhibition of their
translation (partial complementarity to target mRNA 3′ UTR region). Due to the
aforementioned mechanism of action, each miRNA can thus target hundreds of mRNAs,
thereby regulating several biological processes, including apoptosis, cell differentiation,
proliferation and metabolism. Therefore, therapeutic strategies directed towards targeting of
a single microRNA can yield dramatic results, affecting myriad cellular processes. Several
studies have shown that therapeutic strategies can effectively target a specific miRNA, and
they can broadly be classified as microRNA mimics and mi-croRNA antagonists.

MicroRNA antagonists
These miRNA antagonists are used in order to ablate miRNAs that display a gain of
expression in the disease progression. Inhibition of such miRNAs can result in increased
expression of mRNAs that are often tumor suppressors in cancer or may otherwise halt the
progression of the disease. Most commonly, the antagonist comprises a single stranded
oligonucleotide complementary to miRNA, with certain chemical modifications such as 2′-
O-methyl-group-modified oligonucleotides and locked nucleic acid (LNA) modified
oligonucleotides. These modifications ensure increased affinity for the target miRNA (not
mRNAs) and that the target miRNA is sequestered within the RISC, preventing it from
being processed.

Anti-miR Oligonucleotides—The 2′-O-methyl-group confers increased resistance to
nucleases and increased binding affinity to RNAs [40]. The 2′-O-methyl-group modified
oligonucleotides, 2′-fluoro/, 2′-O-methoxyethyl (2′-MOE)/and 2′-O-methyl nucleotides are
modified at the 2′ position of the ribose sugar with the addition either a fluorine,
methoxyethyl or a methyl group [41]. LNA is an RNA analogue where the ribose sugar is
locked in a C3′-endo conformation due to a 2′-0, 4′-C methylene bridge [40]. Frequently
referred to as ‘antagomirs’, these oligonucleotides are often conjugated to cholesterol to
increase cellular intake. Intravenous administration of antagomirs against miR-122, a
miRNA abundant in the liver and one that regulates the levels of cholesterol biosynthesis
genes, resulted in a decrease in levels of the miRNA as well as a decrease in circulating
cholesterol levels [42]. Several studies have indicated that antagomirs could be
therapeutically useful in cardiac disease. An antagomir against miR-21 resulted in decreased
cardiac fibrosis in a mouse model [43]. Likewise, administration of an antagomir against
miR-133 caused reduced cardiac hypertrophy in vitro and in vivo, when administered to
mice [44].
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LNA-antimiRs can form very strong duplexes with complementary RNAs. Due to their very
strong affinity for their target miRNAs, a very short sequence of LNA modified oligo,
complementary only to the seed region of the miRNA is sufficient to cause effective
targeting of the miRNA [45]. An LNA-antimiR against miR-122 was seen to protect
chimpanzees chronically infected with Hepatitis C against liver pathology and viremia [46].

The major disadvantage of anti-miR oligonucleotides is that they may affect endogenous
RNA species other than the intended target miRNA. The effective in vivo delivery is
hampered by the possibility of off-target effects in organ systems other than the intended
organ. However, this challenge could be overcome by conjugating the anti-miR
oligonucleotide with ligands for target organ specific cell surface receptors. Despite these
disadvantages, anti-miR oligonucleotides remain a promising option for effectively targeting
endogenous oncogenic miRNAs.

Small Molecules—Small molecules are low molecular weight compounds that can bind
nucleic acids, including endogenous miRNAs, resulting in diminished cellular miRNA. A
high throughput screening of a small molecule library using a luciferase reporter system in
HeLa cells showed that two small molecules antagonised miR-21 expression, while one
molecule enhanced miR-21 efficacy [47]. Two small molecules that inhibited miR-122
function were also identified. Also, small molecule inhibitors of miR-122 were also shown
to decrease the replication of the Hepatitis C virus in human liver cells [48]. A recent study
used a molecular beacon based method to screen effective inhibitors of miRNA function,
and found that out of the 14 aminoglycosides screened; five were able to antagonize
miR-27a function [49]. The inhibitors identified interfered with Dicer function.

Thus, as the technology for the delivery and targeting of miRNAs develops, small molecule
inhibitors of miRNAs may, in the future, be deployed as viable treatment strategies.
However, most small molecule inhibitors have only been studied in vitro, and much needs to
be ascertained with regard to effective delivery and effects of these inhibitors in vivo.

miRNA Sponges—Sponges, like other miRNA antagonists, contain complementary
binding sites to a specific miRNA. However, these are produced by a transgene. A ‘sponge’,
‘eraser’ or ‘decoy’ comprises a vector that expresses miRNA target sequences, thereby
preventing that miRNA from regulating its endogenous targets and ‘soaking’ the miRNA up.
Since sponges typically have binding sites complementary to only the seed region of a
miRNA, they can target an entire family of miRNAs [40]. They act in the manner of
scavengers, binding miRNAs, thereby preventing them from regulating their normal mRNA
targets.

Typically, the miRNA sponge is expressed downstream of a luciferase or green fluorescent
protein governed by a strong promoter. The level of expression of the reporter gene can be
used to monitor the degree of miRNA scavenging by the miRNA sponge. The miRNA
sponge sequences are imperfectly complementary to the target mRNA sequence since
perfect complementarity will induce immediate degradation of the sponge, making the
miRNA available for suppression of other targets. However, imperfect complementarity will
result in a longer binding of the miRNA to the target sequence, preventing the miRNA from
suppressing other targets. Most miRNA sponges have 4–10 miRNA binding sites, each
separated by a few nucleotides [50].

A limitation of the miRNA sponge method is the necessity of calibrating the concentration
of the sponge to the amount of miRNA present in the cell. Cells with high endogenous
miRNA levels will need higher doses, which may not be physiologically achievable. In
addition, testing the efficacy of a sponge mediated miRNA ablation is not as straightforward
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as with genetic knock-out of a miRNA. As with other methods of miRNA antagonists, in
vivo delivery remains a challenge, with concerns of off-target effects being major obstacles.

Agents that Increase miRNA Function
miRNA Mimics—The goal of using miRNA mimics is to generate a synthetic 18–22
nucleotide oligonucleotide that is identical to the endogenous miRNA and targets the same
mRNAs. However, studies have shown that a two-stranded oligonucleotide is 100–1000 fold
more effective than a single-stranded mimic [51]. Therefore, a miRNA oligonucleotide
mimic comprises an RNA duplex, with one strand, dubbed the “guide” strand which is
identical to the miRNA being mimicked and a “passenger” strand that is either partly or
fully complementary to the guide strand. The 3′ end of the passenger strand is usually
modified with cholesterol in order to increase cellular uptake [40]. Since the miRNA mimic
will also affect non-target tissue when administered, be susceptible to nuclease degradation
and be targeted by the innate immune system, this method has its limitations with regard to
its therapeutic applications.

miRNA DELIVERY SYSTEMS
Lipid Based Delivery Systems

Liposomes have been used for the delivery of conventional drugs as well as synthetic
miRNA-based drugs. Liposomes have a small diameter of <100nm, which allows for a high
drug to lipid ratio [52]. Lipid-based mimics have been shown to have increased cellular
uptake, as well as being able to better evade the innate immune system. Additionally,
liposomes have a high circulation lifetime and can penetrate the tumor in high
concentrations. They are administered intravenously or intra-tumorally; however, they
penetrate all tissues equally. Thus, they may have deleterious effects in non-target tissues. A
lipid based delivery system was used to deliver a synthetic miR-34a mimic systemically via
intravenous injections in a mouse model of non-small cell lung cancer and did not affect
liver or kidney enzyme levels or trigger an immune response [53]. A recent study overcame
the problem of miRNA-based therapy affecting non-target tissue via a targeted miR-34a
expression plasmid (T-VISA-miR-34a) that used the human telomerase reverse transcriptase
(hTERT) promoter that is active solely in cancerous tissue and repressed in benign tumors or
normal tissues [54]. When the miR34a expression plasmid was delivered via liposomal
complexes in an orthotopic mouse model of breast cancer, there was a significant reduction
of tumor growth, without any effects on normal tissues [54]. Thus, in the future, miRNA-
based therapeutic agents may be directly delivered to the tumor without any deleterious
effects on non-cancerous organs.

Viral Delivery
Adeno-associated viruses (AAV) are often used for delivering miRNAs. Tissue-specific
promoters can be used to ensure efficient delivery to the organ of interest. Also, AAVs
possess different serotypes with differing affinity for various organs, further aiding in the
delivery of miRNAs to a specific location. In a mouse model of liver cancer, AAV mediated
delivery of miR-26a hindered cancer progression [55].

EMERGING miRNAs IN CANCER THERAPEUTICS
‘Miravirsen’, a drug containing antagomir targeting miR-122 has currently undergone phase
2a clinical trials, and the results show a significant protective effect on patients with
Hepatitis C [56]. The tumor suppressor miR-34a is also another miRNA that is headed for
clinical trials for the treatment of various cancers [57]. The following are some miR-NAs
that hold promise as therapeutic agents in cancer.
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Let-7
Let-7 plays a role in the larval development of C. elegans, as well as in lung and breast
cancer in humans. Let 7 is a tumor suppressor miRNA and its levels decrease during the
progression of most cancers. There is a decrease in Let-7 levels in laryngeal, pancreatic,
colon, lung and breast cancer in humans [58]. Target mRNAs include hRAS, kRAS,
HMGA2, LIN28 and NF2 [58]. Studies in laryngeal cancer cells lines have shown that
transfection with Let-7a mimics or Let-7a precursor miRNA caused reduced proliferation
and growth [59]. Also, mice with an activated kRAS transgene, when given Let-7 intra-
nasally via an adenovirus, have stunted lung tumor development in comparison to control
mice expressing only the kRAS transgene [60]. Thus, Let-7 administration may be a viable
therapeutic strategy for lung cancer. In pancreatic cancer, Let-7 expression is reduced and
restoration of Let-7 in pancreatic cancer cells with plasmid based Let-7 resulted in decreased
cellular proliferation [61]. However, intra-tumoral administration of the plasmid and
implantation of Capan-1 cells stably overexpressing Let-7 microRNA did not alter tumor
growth/proliferation [61].

miR-21
Since it is frequently over-expressed in a variety of cancers such as breast [62] and
colorectal [63] cancer, miR-21 is an oncogenic miRNA. It is located on chromosome 17 and
regulates CDKN1A, PTEN, PDCD4 and several other tumor suppressors [64–66].
Suppression of miR-21 using an LNA-based antagonist administered via an intra-peritoneal
injection resulted in a decrease in autoimmune splenomegaly in mice with systemic lupus
erythematosus [67]. This miRNA can also be used as a diagnostic and prognostic marker in
colorectal cancer, where elevated levels of miR-21 are seen in the stool of patients [68].
Also, increased serum miR-21 is related to treatment responsiveness in patients with
pancreatic and lung cancers [69, 70]. In lung cancer, mutations in the EGFR are more
frequent in non-smokers with the disease [71]. This mutation confers an increased
responsiveness to tyrosine kinase inhibitor based therapy. It has recently been shown that
there is an increased expression of miR-21 in these patients, and that the in vitro targeting of
miR-21 using antagomirs sensitizes cancer cells to tyrosine kinase inhibitor based therapy
[71].

miR-26a
This miRNA has been found to be down-regulated in hepatocellular carcinoma [72],
nasopharyngeal carcinoma [73], lymphomas [74], and breast cancer [75]. Targets of this
miRNA include the histone-lysine N-methly transferase, EZH2 [73]and PTEN [76].
Restoration of this miRNA in liver cancer cells and in vivo using an AAV based delivery
method in a mouse model of liver cancer resulted in a reduction in cell proliferation, and cell
cycle arrest, which was attributed to the down-regulation of cyclins D2 and E2 [55]. Also,
the mice displayed stunted disease progression However; miR-26a expression is elevated in
high grade glioma [77] and cholangiocarcinoma, suggesting that the miRNA can also act as
an oncogene depending on cellular context. Indeed, it was found to be one of the five
miRNAs that independently promoted acute T lymphoblastic leukemia [76].

miR-29
The miR-29 family of miRNAs can function as either tumor suppressors or oncogenes. For
instance, miR-29a and miR-29b are down-regulated in mantle cell lymphoma [78]. These
miRNAs have been proposed to target several cell cycle regulators and oncogenes such as
MCL-1 (induced myeloid leukemia cell differentiation protein), CDK6, dedifferentiation
factors (KLF4, Kruppel-like factor 4), and long noncoding RNAs (MEG3, maternally
expressed 3). Over-expression of miR-29 induces apoptosis thereby reducing tumorigenecity
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in lung cancer and acute myeloid leukemia (AML) xenografts [79]. However, in vivo over-
expression of miR-29 in immature and mature B-cells resulted in a propensity for these mice
to develop B-cell CLL, suggesting that this miRNA can act as an oncogene or tumor
suppressor depending on the cellular context [79, 80]. A recent study has shown that miR-29
can cause a global alteration in methylation by regulating the levels of DNA methyl
transferases 3A and B, thereby de-repressing tumor suppressors like FHIT (fragile histidine
triad protein) and WWOX (WW domain containing oxidoreductase) [81].

miR-34
The miR-34 (comprising miR-34a, b, and c) family of miRNAs is transcriptionally induced
by p53 and p38-MAPK pathways in response to DNA damage [33]. This family of miRNAs
is responsible for the translational repression of the Myc oncogene. Myc normally causes the
transcription of the oncogenic miR-17–92 miRNA cluster. Additional targets include
NOTCH1, BCL2, E2F3, VEGFA, SIRT1, CCND1 and CDK6 [82]. The miR-34 family of
miRNAs is frequently deregulated (reduced) in lung, breast, prostate and liver cancers [58].
Recent studies in a mouse model of non-small cell lung carcinoma have shown that systemic
or local administration of a chemically synthesized miR-34a molecule via a lipid-based
delivery system resulted in attenuation of tumor growth [53]. There were negligible side
effects on other organ systems, suggesting that the miRNA is well tolerated.

PROSPECTS FOR miRNA-BASED THERAPY IN PANCREATIC CANCER
Pancreatic cancer is characterized by aggressive growth and the presence of metastases at
the time of diagnosis. Surgically resectable tumors represent only a small percentage of
pancreatic cancer cases. The disease has a grim five-year survival rate of only 6% [1].
Therefore, better treatment strategies are sorely needed and early detection is of critical
importance.

As mentioned previously, miRNA profiling has been shown to be effective in differentiating
normal tissue from cancer, distinguishing between tumor sub-types as well as being
predictive of the chemotherapy outcome in various cancers. Bloomston et al. (2007) used a
microRNA microarray to demonstrate that PDAC (pancreatic ductal adenocarcinoma) can
be distinguished from chronic pancreatitis and normal pancreas [12]. It was shown that
PDAC samples show an increase in 21 miRNAS and a decrease in 4 miR-NAs in
comparison to normal pancreatic tissue, and that this difference in expression enabled
differentiation between the two with 90% accuracy. Also, the over-expression of 15
miRNAs and down-regulation of 8 miRNAs was sufficient to distinguish between PDAC
and chronic pancreatitis. Six miRNAs were found to be predictive of a better prognosis
(beyond two years): miR30a-3p, miR-105, miR-127, miR-187, miR-452, and miR-518a-2 in
patients with lymph node positive disease. It has also been shown that 79% of PDACs show
an increase in miR-21 expression, a miRNA that down-regulates PTEN [83]. Over-
expression of miR-21 was found to be predictive of a worse prognosis. Patients with PDAC
show increased levels of miR-21 in the serum [84]. Chemo-resistant cell lines of pancreatic
cancer display an over-expression of miR-21 [84]. A recent study suggested that a panel of
five miRNAs in formalin-fixed paraffin embedded (FFPE) pancreatic cancer tissue were
predictive of overall prognosis A high expression of miR-212 and miR-675 and a low
expression of miR-148a, miR-187, and let-7g were independently predictive of a poorer
overall survival in patients that had undergone surgical resection [85].

miRNAs as Pancreatic Cancer Diagnostic Tools
Endoscopic ultrasound guided fine needle aspiration is often used for diagnosis and staging
of pancreatic ductal adenocarcinoma. A study of miRNAs present in fine needle aspirates
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showed that miR-196a and miR-217 aided in the diagnosis of PDAC [86] and in
distinguishing it from chronic pancreatitis. The cystic fluid from intra-papillary cystic
neoplasms (IPMNs) was also studied and found to contain miR-155, which is being
examined as a potential biomarker for the disease [87]. A recent study suggested that plasma
miR-221 is elevated in PC in comparison to benign non-cancerous conditions, and that
elevated levels of plasma miR-221 could be used as a diagnostic tool. In addition, it was
noted that elevated plasma miR-221 was predictive of distant metastasis and the non-
resectable status of the tumor [88].

As mentioned previously, miRNAs are frequently present in bodily fluids of cancer patients.
A plasma microRNA profile for pancreatic cancer, comprising miR-21, miR-210, miR-155
and miR-196a has been proposed [89]. While the actual diagnosis of pancreatic cancer is
most often done by traditional methods, such as biopsies of tissues and ultrasound guided
fine needle aspiration, the detection of miR-NAs in the plasma/serum could represent a non-
invasive method of determining the extent of metastasis and general prognosis of the patient.

miRNAs as Pancreatic Cancer Therapeutic Tools
While the current treatment of PDAC patients consists of a variable combination of surgery,
chemotherapy and radiation, several studies have shown that targeting miRNAs commonly
dysregulated in pancreatic cancer sensitizes cells to chemotherapeutic drugs such as
gemcitabine. For instance, a study showed that treatment of a panel of pancreatic cancer cell
lines with anti-sense oligos targeting miR-21 and miR-221 resulted in increased apoptosis of
cells. When treated with Gemcitabine, a commonly used chemotherapeutic drug for PDAC,
the cells with anti- miR-21 and anti-miR-221 displayed increased sensitivity to the effects of
the drug [90].

The expression of miR-21 has also been shown to be linked to a poorer prognosis and
gemcitabine resistance [83, 84]. When pre-miR-21 was transfected into pancreatic cancer
cells that were subsequently treated with gemcitabine, miR -21 was shown to hinder the
anti-proliferative and anti-apoptotic actions of the drug [91]. Studies of 82 paraffin-
embedded, formalin-fixed patient samples post-resection showed that low miR-21
expression levels corresponded to better response to adjuvant chemotherapy [92]. Another
miRNA, miR-181b, was implicated in sensitizing PC cells to gemcitabine therapy. The
chemo-resistant cell lines (SW1990/GR and CFPAC-1/GR) when transfected with lentiviral
vectors containing miR-181b mimics showed increased sensitivity to the drug. Similar
findings were obtained when PC cell lines expressing the vector were implanted as
xenografts in nude mice. The increased repression of Bcl-2 by miR-181b was cited as the
reason for this increased chemosensitivity [93].

Other miRNAs that could potentially be targeted/administered therapeutically include
miR-200a, which is an oncogenic miRNA and targets E-Cadherin [94], the tumor suppressor
miRNA 20a, which targets the STAT3 transcription factor [95]. When miR-20a was over-
expressed in Panc-1 and BXPC3 pancreatic cancer cell lines there was a decreased
proliferation and metastasis both in vivo and in vitro [95].

kRAS is a critical tumor initiating oncogene, coding for a small GTPase involved in
signaling, and is mutated in greater than 90% of all cases of pancreatic cancer [96]. A tumor
suppressor miRNA, miR-96 regulates the expression of kRAS, and is significantly decreased
in PDAC tissue in comparison to normal tissue [97]. In addition, it has been demonstrated
that ectopic expression of miR-96 using a synthetic miRNA precursor inhibited kRAS
expression and reduced cellular proliferation and invasion both in vitro and in vivo [97].
Given the importance of the kRAS gene in the pathogenesis of PC, ectopic overexpression
of this miRNA may yield promising results.
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As summarized above, there is dysregulation of a number of miRNAs in pancreatic cancer.
Therefore, therapy that aims to inhibit/re-introduce miRNAs that are up-regulated/down-
regulated could turn out to be viable therapeutic strategies. For example, miR-10a has been
reported to be up-regulated in metastatic pancreatic cancer [12]. Also, miR-10a has been
shown to be a target of retinoic acid, and retinoic acid receptor antagonists cause miR-10a
suppression, thereby repressing metastasis [98]. Two miRNAs, miR-224 and miR-486 were
also shown to aid in PC metastasis, in part, by targeting CD40, a tumor necrosis factor
receptor family member. The expression of these miRNAs was greater in highly metastatic
cancer than in non-invasive PC [99]. MiR-34, which is a p53 target and is reduced in
pancreatic cancer, was over-expressed using lentiviral constructs and miR-34 mimics in p53
mutant cell lines BXPC3 and MiaPACA-2. This resulted in decreased cell growth, cell cycle
arrest at G1 and G2/M and sensitization to chemotherapy [100].

The tumor suppressor miRNA miR-146a, which decreases in PDAC, was shown to regulate
EGFR and NF-ΚB expression [101]. The treatment of pancreatic cancer cells with the
naturally derived compounds 3, 3′-diinodolylmethane or isoflavone resulted in a restoration
of miR-146a expression and the consequent reduction in EGFR and NF-ΚB levels. This
study demonstrated the promise of naturally derived compounds in miRNA based pancreatic
cancer therapy.

CONCLUSIONS
Much has been discovered about the numerous miRNAs that are aberrantly expressed in
pancreatic cancer. A number of them could prove to be effective drug targets; however,
effective targeting of the affected organ and minimizing off-target effects of the miRNA-
based therapeutic agent represent formidable challenges. Some of the other promising
miRNAs for targeted therapy, including the cellular processes that they affect, have been
summarized in Table 1. In the future, a miRNA panel could be used for diagnostic and
prognostic purposes in pancreatic cancer. Additionally, miRNA targeted therapy could be
used to supplement conventional chemotherapy. Issues such as miRNA toxicity to non-
target tissues and possible side effects in humans will be challenges that the field will have
to overcome.
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Fig. 1.
Biosynthesis of miRNAs and their role in pancreatic cancer. The RNA Pol II transcribes pri-
miRNA, which is cleaved by DRO-SHA/DGCR8 complex to form pre-miRNA. Exportin-5
transports this pre-miRNA to the cytosol, where Dicer forms the mature single stranded
miRNA. This strand then enters the RISC (RNA induced silencing complex) which
suppresses the target mRNA either by translational repression (incomplete complementarity)
or by target degradation (complete complemetarity).
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Table 1

miRNAs as Potential Therapeutic Targets in Pancreatic Cancer

miRNA Tumor suppressor/oncogenic Predicted target genes Cellular processes affected References

miR 21 Oncogenic CDK6, PDCD4, CDKN1A, FAS,
IL6R, SOCS5, APAF1, NFlB, TPM1

Apoptosis, cellular proliferation,
migratory and invasive properties [91]

miR-221 Oncogenic CDKN1B, CDKN1C, KIT Cell migration and proliferation [90]

miR-155 Oncogenic
AGTR1, APC, ARID2, BACH1,
CEBPB, CYR61, DET1, EDN1,
ETS1, FADD, FGF7, FOXO3

Cell migration [87]

miR-196a Oncogenic NRAS, HOXB8, HMGA2,
ANNEXIN A1 Cell proliferation and differentiation [102]

Let 7 Tumor suppressor LIN28, HRAS, KRAS, HMGA2,
TRIM71, NF2 Cellular proliferation [61]

miR-34a Tumor suppressor NOTCH1, BCL2, E2F3, VEGFA,
SIRT1, CCND1, CDK6 Apoptosis, cellular proliferation [100]

miR-217 Tumor suppressor KRAS, SIRT1, PTEN Proliferation, survival and invasion [103]

miR-216a Tumor suppressor PTEN, CDC42, CD44, SIRT1 Tumorigenecity [104, 105]
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