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Pancreatic cancer is a devastating malignancy that ranks as the fourth leading cause of cancer-
related deaths worldwide. Dismal prognosis is mainly attributable to limited knowledge of 
the molecular pathogenesis of the disease. miRNAs have been found to be deregulated in 
pancreatic cancer, affecting several steps of initiation and aggressiveness of the disease by 
regulating important signaling pathways, such as the KRAS and Notch pathways. Moreover, 
the effect of miRNAs on regulating cell cycle events and expression of transcription factors 
has gained a lot of attention. Recent studies have highlighted the application of miRNAs 
as biomarkers and therapeutic tools. The current review focuses on latest advances with 
respect to the roles of miRNAs in pancreatic ductal adenocarcinoma associated signaling 
pathways and miRNA-based therapeutics.
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Pancreatic cancer overview
Pancreatic ductal adenocarcinoma (PDAC) is the predominant form of pancreatic neoplasms and 
accounts for greater than 85% of the clinical cases [1]. The disease develops via acinar-ductal meta-
plasia and neoplastic precursor lesions [2]. In the USA alone, 48,960 new cases of pancreatic cancer 
were expected to occur in 2015, with an estimated 40,560 deaths, about the same number in women 
(19,850) as in men (20,710). Over 96% are cancers arising from exocrine pancreas. Endocrine car-
cinomas are often diagnosed at a younger age and exhibit a better prognosis. From 2007 to 2011, 
mortality rates increased slightly by 0.3% per year. For all stages combined, the 1- and 5-year relative 
survival rates are 28 and 7%, respectively. For the small percentage of people diagnosed with local 
disease (9%), the 5-year survival is 26%, while more than half of patients (53%) are diagnosed at 
a late stage for which 1- and 5-year survival rates reach 15 and 2%, respectively [3]. These numbers 
are a staggering example of the poor prognosis associated with PDAC.

While new therapeutic options are emerging for nonhematologic malignancies, molecular-tar-
geted therapies for pancreatic cancer have failed to make any positive impact on patient survival. In 
1993, the Nobel Prize-winning discovery of small interference RNAs (siRNAs) led to an outburst 
of knowledge on RNA interference and gene regulation [4]. Since then, thousands of research 
studies have described the functional role of small noncoding RNAs, named miRNAs, in a vast 
panel of human pathologies. In 2002, a small genomic region in chromosome 13q14 comprising 
miR-15a and miR-16-1 genes was found to be commonly deleted in chronic lymphocytic leukemia, 
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suggesting a link between miRNAs and human 
tumors [5]. Typically acting as negative regulators 
of gene expression, miRNAs have provided new 
directions for research on mechanisms under-
lying disease, serving as potential targets for 
th erapeutic intervention.

In the current review, we discuss the role(s) of 
miRNAs in major signaling pathways related to 
pancreatic oncogenesis, with emphasis to KRAS 
and Notch signaling pathways that often inter-
sect. We consequentially highlight the impor-
tant functional relationship of miRNAs with the 
regulation of cell cycle events and expression of 
transcription factors. Furthermore, we provide 
an overview of the clinical aspects of miRNAs as 
potential biomarkers and discuss the therapeu-
tic potential of manipulating these pathways via 
miRNAs intervention.

●● Biogenesis & function of miRNAs
miRNAs pair to the messages of protein- coding 
genes, ultimately regulating gene expression 
through mRNA cleavage or translational inhi-
bition [6,7]. The miRNA biogenesis pathway 
(Figure 1) has an important role in gene regula-
tory networks, considering that: more than 1000 
individual miRNA genes have been identified; 
an individual miRNA can target hundreds or 
thousands of different mRNAs; an individual 
mRNA can be coordinately suppressed by 
multiple different miRNAs. Numerous studies 
have revealed that miRNAs mediate essential 
processes such as cell proliferation, apoptosis 
and inflammation [8–14]. Importantly, miRNAs 
have emerged as critical players in cancer initia-
tion and progression by modulating pathological 
aspects related to tumor development, growth, 
metastasis and drug resistance [15,16]. Pointing 
to this direction, overexpression of tumor sup-
pressor miRNAs or inhibition of oncogenic 
miRNAs has shown therapeutic potential in 
model systems [17]. Mounting evidence high-
lights the aberrant expression of miRNAs in 
various types of cancer [18–21] supporting the 
notion that miRNAs potentially serve as better 
indicators of tumor prognosis than conventional 
protein-coding gene arrays.

miRNA-mediated pathways implicated in 
pancreatic oncogenesis
Due to the devastating natural course of pan-
creatic adenocarcinoma, research has focused on 
the identification, classification and biology of 
this cancer [24,25]. Recent advances in pancreatic 

cancer biology have emerged important roles for 
miRNA families in regulating tumor responses. 
The following data support the strong inter-
play between miRNAs and pancreatic cancer 
initiation and development. Li and colleagues 
have described the implication of the entire 
miR-200 family of miRNAs in gemcitabine 
resistance of PDAC cells through reversal of 
epithelial–mesenchymal transition (EMT) [26]. 
Among the target proteins regulated by miR-34 
are Notch pathway proteins and Bcl-2, suggest-
ing a role for miR-34 in the maintenance and 
survival of cancer stem cells. It has also been 
suggested that miR-34 upregulation may restore, 
at least in part, the tumor suppressing function 
of p53 in p53-deficient human pancreatic can-
cer cells [27]. Importantly, oncogenic KRAS acti-
vation leads to repression of the miR-143/145 
cluster in pancreatic cancer and is dependent 
on RREB1. KRAS and RREB1 are targets of 
miR-143/miR-145, revealing a feed-forward 
mechanism that potentiates Ras signaling [28]. 
However, regulation of the molecular pathways 
underlying pancreatic tumor initiation and pro-
gression, as well as miRNAs function in mediat-
ing signals within the tumor microenvironment 
still remain poorly explored. Here, we provide an 
updated view on the interplay between miRNAs 
function and signaling pathways associated to 
pancreatic oncogenesis, as well as miRNA-based 
PDAC therapeutics.

●● KRAS signaling pathway
Over two decades ago, the KRAS gene was iden-
tified. Activating mutations of KRAS constitute 
one of the most frequently activated oncogenes, 
with 25% of all human tumors harboring these 
mutations [29]. KRAS encodes an ∼21 kDa small 
GTPase, which cycles between GTP-bound 
active and GDP-bound inactive states. GTPase-
activating proteins (GAPs) induce hydrolysis of 
GTP resulting in KRAS inactivation. Activating 
mutations of KRAS found in human PDAC 
impair intrinsic GTPase activity of the KRAS 
protein and prevent its interaction with GAPs. 
This leads to constitutive activation of KRAS 
and persistent stimulation of downstream sign-
aling pathways including sustained prolifera-
tion, metabolic reprogramming, anti-apoptosis, 
remodeling of the tumor microenvironment, eva-
sion of the immune response, cell migration and 
metastasis [30]. KRAS is conceived as a principal 
initiator of pancreatic cancer, based on the early 
occurrence of KRAS genetic alterations (mostly 
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Figure 1. Schematic presentation of miRNA biogenesis and mechanism of action. 
RNA precursors called pri-miRNAs are processed by the microprocessor complex into pre-miRNA 
hairpins, transported into the cytoplasm and further processed by Dicer into miRNA duplexes. 
Following strand separation, the mature miRNAs are loaded into the RISCs to guide the repression of 
protein synthesis or mRNA degradation [22]. Direct binding in the 3′untranslated region of genes and 
specifically through sequence complementarity between nucleotides 2 and 8 of miRNAs (called seed 
sequence) represents their major post-transcriptional mechanism of action [7,23]. A particular miRNA 
recognition sequence could be found in a number of genes, which allows a single miRNA to regulate 
multiple functionally connected genes simultaneously and/or chronologically [16].
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point mutations at codon G12) in PDAC forma-
tion [31], as well as their prevalence at the time of 
diagnosis (>90% of the clinical cases) [32]. In the 
same direction, recently developed genetically 
engineered mouse models expressing mutated 
KRAS in the pancreas, sufficiently initiate devel-
opment of neoplastic precursor lesions that are 
histologically identical to those in humans [33]. 
A recent clinical trial, describes a clinically 
applicable siRNA delivery method that seems 
to overcome the major obstacles of toxicity and 
organ accessibility. The miniature biodegradable 
implant, siG12D-LODER™ in combination 
with chemotherapy displayed potential efficacy 
in patients with locally advanced pancreatic 
cancer. Although, the prolonged clinical ben-
efit warrants further evaluation of this agent in 
combination with chemotherapy [34]. However, 
KRAS is still widely considered undruggable [35] 
and attention is now focused on the therapeutic 

exploitation of its effector pathways that con-
tribute to PDAC initiation, progression and 
maintenance.

Over the last several years, a handful of 
miRNAs have been identified as regulators 
of the KRAS signaling pathway in pancreatic 
oncogenesis. Data obtained by locked nucleic 
acid in situ hybridization (LNA-ISH) and real-
time quantitative PCR showed that miR-217 
is frequently downregulated in PDAC tissues. 
Manipulation of miR-217 expression provides 
evidence for its role as a tumor suppressor that 
exerts its function by specifically targeting the 
KRAS oncogene [36]. Another study identified 
miR-96 as a potent regulator of KRAS signaling. 
As evidenced by a subset of in vitro and in vivo 
assays, miR-96 directly targets KRAS, negatively 
regulates the phosphorylated AKT signaling 
pathway downstream of KRAS and exerts anti-
proliferative, proapoptotic and antimetastatic 
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effects [37]. Mechanistic studies also demon-
strated that downregulation of miR-126 and 
let-7d contributes to PDAC transformation by 
post-transcriptional upregulation of KRAS [38]. 
LNA-ISH analysis was used to confirm increased 
production of miR-21 in human PDAC. miR-21 
has recently been linked to the activation of the 
AP-1 transcription factor in response to RAS [39] 
and thus not surprisingly, precursor lesions 
originating from the KRAS(G12D) model 
display high concentrations of this miRNA. 
Accordingly, it has been shown that activated 
KRAS(G12D) stimulates the miR-21 promoter 
in human  pancreatic cells.

Moreover, EGFR production, which is inten-
sified in PDAC, promotes miR-21 expression in 
PDAC-derived cells [40]. It has been recently 
reported that miR-206 is abrogated in PDAC 
specimens and cell lines and exerts tumor sup-
pressive effects through combinatorial target-
ing of the KRAS and ANXA2 oncogenes. This 
study revealed the role of miR-206 as a negative 
regulator of oncogenic KRAS-induced NF-κB 
transcriptional activity, resulting in a concomi-
tant reduction of the expression and secretion 
of proangiogenic and proinflammatory factors. 
Suppression of the potent prolymphangiogenic 
factor VEGF-C takes place through an NF-κB-
independent mechanism. Notably, re-expression 
of miR-206 in PDAC cells seems to be sufficient 
to inhibit tumor blood and lymphatic vessel 
formation, thus leading to a significant delay of 
tumor growth and progression [41].

●● Cell cycle signaling pathway
Synthesis of cyclin D and activation of CDK4/
CDK6 constitute an early response to growth 
factor stimulation [42,43]. Subsequently, cyclin 
D-CDK4/6 phosphorylates Rb, a well-known 
tumor suppressor that binds and inhibits 
E2F [44]. As a result, E2F is released and medi-
ates transcription of genes whose products are 
required for cell cycle progression and DNA 
replication [45]. Cyclin D1 overexpression and 
p16 inactivation are very common events in 
pancreatic cancer, highlighting the importance 
of disrupting G1 progression to disease develop-
ment [46,47]. The inactivation of multiple regula-
tory pathways of the cell cycle may account for 
the aggressiveness of pancreatic cancer.

Extensive studies indicate that miRNAs play 
critical roles in pancreatic cancer development 
and progression. Zhao and colleagues revealed 
that miR-192 promotes cell proliferation and 

facilitates cell cycle progression through the G1 
to S-phase in pancreatic cancer cell lines. The 
growth promoting effects of miR-192 enforced 
expression were indicated in the in vitro colony 
formation assay and in a xenograft tumor model 
in vivo. Interestingly, reduced expression of CDK 
inhibitors and RB family members occurred 
upon miR-192 overexpression, while increased 
expression of positive cell cycle regulators such as 
cyclin D1, cyclin D2, CDK4, CDC2 and SKP2 
was observed [48]. Another study demonstrated 
that miR-301a promotes pancreatic cancer cell 
proliferation, at least in part, by directly target-
ing the 3′UTR of Bim gene [49]. Bim serves as an 
apoptotic stimuli sensor and initiates apoptosis 
through activation of multidomain proapoptotic 
proteins such as Bak and Bax [50].

Activation of ERK pathway is known to 
protect pancreatic tumor cells from apoptosis, 
as well as to regulate their progression in the 
cell cycle [51]. miR-424-5p was found to be fre-
quently upregulated in pancreatic cancer speci-
mens and modulate ERK1/2 signaling pathway 
by negatively regulating SOCS6. Data further 
supporting this view, show that downregulation 
of miR-424-5p inhibits the expression of SOCS6 
downstream targets, such as Bcl-2 and MCL1, 
thus attenuating the ERK pathway activity [52]. 
A recent study unveiled the involvement of 
miR-193b-mediated deregulation of the KRAS 
axis in pancreatic carcinogenesis. Specifically, 
miR-193b was found to function as a cell cycle 
brake in PDAC cells by inducing G1-phase arrest 
and reducing the fraction of cells in S phase, 
thereby leading to decreased cell prolifera-
tion. Malignant transformation phenotype of 
PDAC cells was also modulated by miR-193b 
via anchorage-independent growth suppression. 
Mechanistically, KRAS was verified as a direct 
effector of miR-193b, through which the AKT 
and ERK pathways were modulated and cell 
growth of PDAC cells was suppressed [53].

●● Notch signaling pathway
Molecular knowledge of the Notch signaling 
pathway with respect to pancreatic cancer is con-
sidered important for discovering new drugs and 
the design of novel therapeutic strategies against 
pancreatic cancer. Notch signals are known to 
affect stem cell self-renewal and differentiation, 
and have been suggested to play a role dur-
ing pancreatic carcinogenesis. It is conceived 
that activation of Notch and KRAS pathways 
displays synergistic effects in the initiation of 
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pancreatic carcinogenesis [54]. Interestingly, the 
concurrent inhibition of the EGF and Notch 
pathways results in decreased cell proliferation, 
with concomitant increase in cell apoptosis. 
Blockage of Notch signaling cascade has also 
been shown to result in attenuation of NF-κB 
activity and upregulation of the p21 and p27 [55].

A growing number of miRNAs has been 
shown to crosstalk with the Notch pathway in 
human PDAC. Preclinical studies have shown 
that TP53 directly regulates miR-34, which 
further downstream targets Notch, indicating a 
role in the maintenance and survival of PDAC 
initiating cells. Markedly, treatment of pancre-
atic cancer stem cells (CSCs) with chromatin-
modulating agents resulted in suppression of 
the miR-34a putative targets Bcl-2, CDK6 and 
SIRT1 [56]. Moreover, restoration of miR-34 
expression in pancreatic CSCs downregulates 
Notch-1 and -2, while tumor initiating cells 
display high levels of Notch-1 and -2, consist-
ent with the loss of miR-34 expression. These 
results imply that self-renewal of pancreatic 
tumor initiating cells relates to direct modula-
tion of Notch by miR-34 [27]. As illustrated by 
Brabletz and colleagues, miR-200 members tar-
get Notch pathway components, such as Jagged1 
and the mastermind-like coactivators Maml2 
and Maml3, thereby mediating enhanced Notch 
activation by the activator of EMT, ZEB1. These 
results provide a link for the latter and its cancer 
promoting properties to Notch activation [57]. 
Furthermore, examination of mouse xenografts 
lacking expression of the pancreatic stem cell 
marker, DCLK1, revealed increased miR-145, 
let-7a and miR-200 levels resulting in signifi-
cant reduction of pluripotency and EMT-related 
transcription factors, along with inhibition of 
Notch1 via miR-144 [58].

●● Crosstalk between miRNAs & transcription 
factors in pancreatic cancer
Transcription factors affect downstream gene 
transcription of signal transduction pathways 
triggered by genetic and epigenetic changes 
linked to the aggressive nature of cancer [59]. 
Accumulating data suggest that miRNAs exert 
a widespread impact on regulating either directly 
or indirectly the expression of transcription fac-
tors in pancreatic cancer. Inhibiting miR-22 with 
antisense oligonucleotides (ASOs) enhances SP1 
and ESR1 expression levels in pancreatic can-
cer cell lines [60]. The constitutive activation of 
NF-κB, which regulates important genes and 

thereby affects many cellular processes, is also 
known to contribute to the aggressive behavior 
of pancreatic cancer [61]. miR-146a overexpression 
has been shown to result in inhibition of the inva-
sive capacity of pancreatic cancer cells with con-
comitant downregulation of NF-κB [62]. A posi-
tive feedback loop as a mechanism for persistent 
NF-κB activation has been recently proposed. 
As suggested, miR-301a represses Nkrf to elevate 
NF-κB activity, which in turn promotes miR-
301a transcription. Accordingly, miR-301a inhi-
bition or Nkrf upregulation in pancreatic cancer 
cells led to reduced NF-κB target gene expres-
sion and attenuated xenograft tumor growth [63]. 
STAT3 is activated in primary pancreatic can-
cer and is involved in various physiologic func-
tions [64], including apoptosis, cell cycle regula-
tion, angiogenesis and metastasis. Mechanistic 
studies showed that miR-20a regulates STAT3 
at the post-transcriptional level, leading to 
attenuation of cell proliferation and invasion of 
pancreatic carcinoma [65]. Dual luciferase assays 
revealed that STAT3 is directly targeted by miR-
130b, which was further confirmed by the inverse 
expression of miR-130b and STAT3 in pancreatic 
cancer specimens [66]. Recently, another tran-
scription factor named FOXM1 is perceived to 
play an important role in pancreatic cancer pro-
gression [67]. Notably, FOXM1 overexpression is 
responsible for acquisition of the EMT and CSC 
phenotypes, which is mediated in part by the reg-
ulation of miR-200b expression [68]. In addition, 
FOXC1 transcription factor has been recently 
proposed as a target of miR-138-5p, the latter 
exerting antiproliferative effects both in vitro 
and in vivo [69]. Reporter expression and chro-
matin immunoprecipitation assays shed insights 
into a novel mechanism where increased zinc, 
mediated by the zinc importer ZIP4, transcrip-
tionally induces miR-373 in pancreatic cancer 
to promote tumor growth. Further analysis of 
miR-373 in vivo oncogenic function revealed that 
it is mediated through its negative regulation of 
TP53INP1, LATS2 and CD44 [70]. Moreover, 
TP53 has been described to be downregulated by 
miR-155, accelerating pancreatic tumor develop-
ment [71]. miR-222 and miR-203 are also able 
to target p53 and affect its function as a crucial 
regulator of the cell cycle [72].

miRNAs as potential biomarkers in 
pancreatic cancer
To date, high-throughput screening strategies 
are used to discover relevant clinical biomarkers. 
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High stability of miRNAs in tissues and high 
detection levels in very low amounts of mate-
rial, represent key advantages over protein and 
mRNA. Historically, Schmittgen’s group was 
the first to report the expression profiles of 
miRNAs in PDAC. miR-376a and miR-301 
were found to be significantly overexpressed in 
PDAC tissues [73]. miR-132 [74,75], miR-96 [37], 
miR-34a [27] and miR-21 [76] have been reported 
to be altered in PDAC as compared with nor-
mal adjacent tissue. Since discriminating PDAC 
from chronic pancreatitis may prevent from 
unnecessary surgery, several studies focus on 
this issue. Initially, 21 miRNAs with increased 
expression and four underexpressed miRNAs 
that differentiate PDAC from pancreatitis with 
exceptional accuracy were reported [77]. Twenty 
additional miRNAs were discovered to discrim-
inate between PDAC, chronic pancreatic and 
normal pancreas [78]. Later, expression of miR-
203 [78], miR-148a, miR-196b, miR-196a and 
miR-205 [79] were demonstrated to be altered in 
PDAC versus chronic pancreatitis. In addition, 
miRNA expression profiles have been recently 
used to distinguish PDAC from cholangiocar-
cinoma, two practically indistinguishable can-
cers using conventional histopathological and 
 clinical characteristics [80].

While the actual diagnosis of pancreatic can-
cer is most often done by traditional methods, 
such as biopsies of tissues and ultrasound-guided 
fine-needle aspiration, the detection of miRNAs 
in the plasma/serum could represent a nonin-
vasive diagnostic method. In 2008, remarkable 
insights into circulating miRNAs as biomarkers 
for cancer classification and prognostication were 
reported [81]. One of the most important advan-
tages of using circulating miRNAs as biomarkers 
is their stability in plasma and serum, where they 
are most likely protected from RNase degrada-
tion by binding to Argonaute proteins [82]. Wang 
and colleagues were the first to report detection 
of miRNAs in the blood of PDAC patients [83]. 
Eighty seven differentially expressed miRNAs 
have been identified as potential valuable mark-
ers for the assessment of cancer recurrence in 
patients and for people with a familial risk 
of PDAC [84]. In addition, miR-221 has been 
proposed as a useful biomarker for predicting 
malignant outcomes [85], while miR-486-5p and 
miR-938 seem to discriminate PDAC patients 
from healthy controls and those with chronic 
pancreatitis. Remarkably, the diagnostic abil-
ity of miR-486-5p was comparable to that of 

CA19-9, which stands for the most reliable 
diagnostic serum marker [86]. Recently, Goggin’s 
group demonstrated that miR-1290 accurately 
distinguishes patients with low-stage pancreatic 
cancer from healthy and disease controls [87]. 
Besides, a recent report shows that salivary 
miRNAs may serve as discriminatory factors in 
pancreatic cancer patients that are not eligible for 
surgery. Specifically, miR-21, miR-23a, miR-23b 
and miR-29c have been found significantly 
upregulated in the saliva of pancreatic cancer 
patients compared with control, showing high 
sensitivities and excellent specificity. Noticeably, 
miR-21 detection precedes detection of cancer 
cell specific tumor markers in the experimental 
model used by Humeau and colleagues. This 
study strongly suggests that salivary miR-21 
is more sensitive than systemic-based pro-
tein markers for the diagnosis of PDAC [88]. 
Furthermore, the correlation between miRNA 
profiles and the responses of specific therapies 
is of great clinical significance. In support of 
this view, high miR-21 expression involved in 
gemcitabine chemoresistance, is able to predict 
significantly shorter overall survival in pancre-
atic cancer patients treated with gemcitabine [89]. 
So, miRNA signatures could also potentially 
predict responses to various cancer treatments, 
apart from their prognostic value. However, 
to establish serum/salivary miRNAs as novel 
biomarkers for pancreatic cancer patient’s man-
agement, possibly along with additional clini-
cal variables, validation in extended cohorts of 
patients is mandatory.

miRNAs relate to chemotherapy treatment 
in PDAC
The poor prognosis of PDAC is mainly due to its 
propensity to acquire resistance to chemothera-
peutic agents and metastasize [90]. The combina-
tion of chemotherapy and radiation is typically 
not curative and provides only minor increases 
in survival rates in most cases. Chemotherapy 
drugs such as gemcitabine, albumin-bound 
paclitaxel nanoparticles (Abraxane) or the com-
bination of four chemotherapy drugs, known 
as FOLFIRINOX (folinic acid, fluorouracil, 
irinotecan hydrochloride, oxaliplatin) are the 
standards of care for metastatic disease [91]. 
These treatments have limited efficacy and 
significant side effects, often only improv-
ing the quality of life of patients for a period 
of time rather than curing the disease itself. 
Consequently, there is an urgent need to develop 
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a better understanding of the molecular drivers 
of PDAC progression and how they may relate 
to chemotherapy responses.

●● miRNA-targeting alters chemosensitivity 
or radiosensitivity of PDAC cells
It is of note that, miRNA-targeting approaches 
have been shown to induce changes in the che-
mosensitivity or radiosensitivity of PDAC cells 
in a variety of settings. Several studies reported 
that antisense targeting of miR-21 and miR-221 
could improve the chemosensitivity of gemcit-
abine resulting in significant cell killing under 
various conditions [92]. Consistently, anti-
miR-21 transfection rendered the pancreatic 
cancer cells more susceptible to the cytotoxic 
effects of gemcitabine treatment and increased 
the expression of FasL. The latter proved to 
serve as a direct target of miR-21. Importantly, 
an inverse correlation between the expression 
of miR-21 and FasL during gemcitabine treat-
ment was observed [93]. MiR-181b transfection 
has been shown to sensitize PDAC cells to gem-
citabine treatment in vivo and in vitro, as evi-
denced by higher levels of apoptosis [94]. Nagano 
and colleagues suggested that activation of the 
Wnt/beta-catenin signaling pathway mediates 
the miR-29a-induced resistance to gemcitabine 
in PDAC cells [95]. In another study, transfection 
of PANC-1 and BxPC-3 cells with an miR-17-5p 
inhibitor showed growth inhibition, spontane-
ous apoptosis, higher caspase-3 activation and 
increased chemosensitivity to gemcitabine [96]. 
Additionally, miR-205 was found to be consist-
ently downregulated across pancreatic cancer 
specimens, making it a suitable therapeutic 
target. Treatment of PDAC cells with miR-205 
mimic resulted in the restoration of chemosensi-
tivity to gemcitabine, with decreased expression 
of stem cell markers OCT3/4 and CD44 and 
chemoresistance marker class III b-tubulin [97].

Furthermore, it has been demonstrated that 
miR-23b overexpression inhibits radiation-
induced autophagy and sensitizes PDAC cells 
to radiation. The authors proposed that reduced 
miR-23b levels increase levels of its target 
AGT12 and autophagy to promote radioresist-
ance [98]. Treatment of cells with a combination 
of the tumor suppressor miR-205 and gemcit-
abine micelles reduced cell invasion and restored 
the gemcitabine chemosensitivity, while intratu-
moral injection of the combinatorial treatment 
in mice bearing gemcitabine-resistant xenografts 
potently arrested tumor growth [99].

●● Combination of anticancer agents 
& miRNA modulators effectively inhibits 
tumor growth
The desmoplastic microenvironment promoting 
tumor growth and metastasis forms a barrier to 
chemotherapy. Hedgehog (Hh) signaling, that 
is implicated in the initiation and progression 
of PDAC, also contributes to desmoplasia [100]. 
A combination therapy comprising GDC-0449 
(inhibitor of Hh pathway) and the miR-let7b 
mimic, effectively inhibited tumor growth when 
injected to athymic nude mice bearing ectopic 
tumors, compared with micelles carrying GDC-
0449 or miR-let7b alone. Immunohistochemical 
analysis revealed attenuated tumor cell prolifera-
tion with augmented apoptosis in the animals 
treated with miR-let7b and GDC-0449 combi-
nation [101]. Based upon this evidence, rational 
design of combined therapeutic approaches com-
prising anticancer agents and miRNA modu-
lators that act synergistically, will potentially 
improve therapeutic response.

Manipulation of miRNA expression levels 
as a therapeutic strategy in PDAC
After being widely demonstrated to be deregu-
lated in cancer cells, researchers are now explor-
ing therapeutic strategies based on modulation 
of miRNA activity. Molecular approaches are 
being applied that reverse the aberrant miRNA 
expression levels. The therapeutic application 
of miRNAs involves direct administration of 
miRNA formulations (miRNA mimics) naked, 
coupled to a carrier or delivered via a viral vector 
in order to boost miRNA endogenous levels or 
single-stranded oligonucleotides with miRNA 
complementary sequences (antisense miRNAs) 
either small molecules so as to diminish miRNA 
functions.

●● miRNA replacement therapy
miRNA mimics are double-stranded synthetic 
miRNA oligonucleotides, used to restore miR-
NAs that show a loss of function. When trans-
fected into cells, miRNA mimics are processed 
into a single-strand form and regulate protein-
coding genes in a miRNA-like manner. This 
approach, also known as miRNA replacement 
therapy, has gained a lot of attention as it ena-
bles therapeutic exploitation of tumor suppres-
sors [102]. Using in vitro and in vivo models based 
on pre-miRNA precursors (synthetic miRNA 
mimics), lentiviral-mediated stable miRNA 
overexpression or vector-mediated miRNA 
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transient overexpression in pancreatic carcinoma 
cell lines, the oncogenic or tumor-suppressive 
role of certain miRNAs has been validated in 
PDAC (summarized in Table 1).

Restoration of let-7 levels in cancer-derived 
cell lines strongly inhibits cell proliferation, 

KRAS expression and MAPK activation, but 
fails to impede tumor growth progression after 
intratumoral gene transfer or after implan-
tation of Capan-1 cells stably overexpress-
ing let-7 miRNA [108]. A preclinical in vivo 
experiment has been described, according to 

Table 1. miRNA-based therapeutic approaches in pancreatic cancer.

miRNA target Role Targeting approach Functional outcome of miRNA-based targeting Ref.

miR-483-3p Oncogenic Anti-miRNA Reduces cell proliferation and colony formation [103]

miR-155 Oncogenic Anti-miRNA Significant increase in cell apoptosis [71]

miR-21/mir-221 Oncogenic ASO Increases cell apoptosis/cell cycle arrest [92]

miR-21 Oncogenic HIV-1-based lentiviral vectors Inhibits pancreatic cancer tumor growth both in 
vitro and in vivo 

[104]

miR-27a Oncogenic Anti-miRNA Suppresses growth, colony formation and 
migration

[105]

miR-371-5p Oncogenic Anti-miRNA Proliferative inhibition [106]

miR-21/miR-23a/miR-27a Oncogenic Anti-miRNA Synergistic effects in reducing cell proliferation 
both in vivo and in vitro

[107]

miR-200 and let-7 families Downregulated 
in gemcitabine-
resistant cells

miRNA mimic or isoflavone Reversal of EMT phenotype leading to epithelial 
morphology

[26]

↑ miR-22 and ↓ miR-199a – miRNA mimic or curcumin Suppressed expression SP1 transcription factor 
and ESR1

[60]

Let-7 Tumor suppressor Plasmid-based synthetic miRNAs 
or by lentiviral transduction

Strongly diminishes cell proliferation [108]

miR-34a Tumor suppressor Lentiviral system Inhibits clonogenic cell growth and invasion and 
induces apoptosis and cell cycle arrest at G1 and 
G2/M phase

[27]

miR-217 Tumor suppressor miRNA-expressing plasmids Suppresses tumor cell growth in vivo [36]

miR-20a Tumor suppressor Lentiviral system Inhibits proliferation and metastasis [65]

miR-96 Tumor suppressor miRNA mimic and 
miRNA-expressing plasmid

Reduces proliferation and invasion capacity 
in vitro and in vivo

[37]

miR-148a Tumor suppressor miRNA mimic Drastic inhibition of the invasive properties of 
HCC

[109]

miR-148a Tumor suppressor miRNA mimic and 
miRNA-expressing vector

Suppresses the EMT and metastasis of HCC [110]

miR-148a Tumor suppressor Lentiviral system Inhibits tumor cell growth and colony formation [111]

miR-126 Tumor suppressor miRNA mimic Inhibition of invasive growth [112]

miR-148b Tumor suppressor miRNA mimic and lentiviral system Remarkably suppresses growth and invasion 
and enhances chemosensitivity/inhibits 
tumorigenicity in nude mice

[113]

miR-204 Tumor suppressor miRNA mimic or triptolide 
treatment

Decrease in cell viability and cell death [114]

miR-137 Tumor suppressor Lentiviral system Inhibits cell invasion/increases sensitivity to 
Fluorouracil/suppresses tumor growth in vivo

[115]

miR-216a Tumor suppressor miRNA mimic Inhibition of the JAK2/STAT3 signaling pathway 
and xenograft tumor growth in vivo

[116]

miR-135a Tumor suppressor Lentiviral system Reduced proliferation and clonogenicity/
induced G1 arrest and apoptosis

[117]

miR-218 Tumor suppressor miRNA mimic and lentiviral system Attenuation of cell migration/invasion [118]

miR-663 Tumor suppressor Lentiviral system Antiproliferative, anti-invasive and 
pro-apoptotic effects in vivo and in vitro

[119]

The oncogenic or tumor-suppressive effect of miRNA-based targeting is denoted in several pancreatic adenocarcinoma settings. 
ASO: Antisense oligonucleotide; EMT: Epithelial–mesenchymal transition; HCC: Hepatocellular carcinoma cell.
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which PDAC cells were directly injected with 
 miR-217-expressing plasmids using in vivo jet 
PEI. The results from these assays indicated that 
miR-217 overexpression sufficiently suppresses 
tumor cell growth [36]. In another study, stable 
lentivirus-mediated overexpression of miR-148a 
in IMIM-PC2 cells was shown to inhibit tumor 
growth and colony formation possibly via target-
ing of CDC25B [111]. As evidenced by miR-126 
overexpression and silencing of its downstream 
target ADAM9, the miR-126/ADAM9 axis con-
trols pancreatic cancer cell invasive growth [112]. 
Overexpression of miR-148b dramatically sup-
presses growth, which is attributable to induc-
tion of apoptosis and cell-cycle arrest at S phase, 
remarkably inhibits invasion and enhances 
chemosensitivity of pancreatic cancer cells. 
Moreover, ectopic expression of miR-148b was 
able to inhibit tumorigenicity in nude mice [113].

As previously described, overexpression of 
miR-204 either by an miR-204 mimic or by 
triptolide treatment, downregulates MCL1 by 
directly binding to the 3′UTR of the gene and 
causes a subsequent decrease in cell viability and 
pancreatic cancer cell death [114]. In addition, 
transfection of lentivirus containing miR-137 
mimic inhibits cancer cell invasion, increases 
sensitivity to Fluorouracil and suppresses tumor 
growth in vivo [115]. miR-216a overexpression 
markedly inhibits the JAK2/STAT3 signal-
ing pathway and xenograft tumor growth 
in vivo [116]. Furthermore, stably miR-135a 
overexpressing cells display reduced prolifera-
tion and clonogenicity, at least in part via the 
regulation of BMI1 [117]. Restoring the expres-
sion of  miR-218 in pancreatic cancer resulted 
in downregulation of ROBO1 and efficient 
attenuation of cell migration and invasion [118]. 
A recent study refers to stably miR-663 overex-
pression exerting antiproliferative, anti-invasive 
and proapoptotic effects on pancreatic cancer 
cells by targeting EEF1A1 [119].

It should be highlighted that discrepancies 
related to assaying miRNAs as therapeutic 
compounds have been reported. For example, 
restoration of miR-148a has been shown to sup-
press invasiveness of hepatoma cells by target-
ing MET indirectly [109], as well as directly [110]. 
Such divergence mainly results from different 
cell lines and experimental strategies used.

●● Novel miRNA delivery approaches
More recently, novel miRNA delivery approaches 
have been described. Systemic administration of 

an miR-34a delivery system comprising nano-
complexes with a tumor-targeting and -penetrat-
ing bifunctional CC9 peptide in a pancreatic 
xenograft cancer model seems to significantly 
inhibit tumor growth and induce cancer cell 
apoptosis [120]. In the same line, a lipid-based 
nanoparticle has been synthesized for systemic 
delivery of miRNA expression vectors to cancer 
cells. Pramanic and colleagues, demonstrated 
the significant therapeutic efficacy of restituting 
either miR-34a or miR-143/145 expression in 
subcutaneous and orthotropic pancreatic cancer 
xenograft models [121]. These approaches affirm 
the usefulness of miRNA uptake delivery  systems 
in therapeutic intervention for the disease.

Furthermore, small vehicles (40–100 nm) 
derived from early endosomes, which fuse to 
multivesicular bodies called exosomes [122,123], 
are being discussed as possibly the most potent 
gene delivery system. Exosomes are secreted by 
many cells and abundantly by tumor cells [124] 
and are found in all body fluids [125]. Due to 
their ubiquitous presence, their particular pro-
tein profile, their equipment with mRNA and 
miRNA, as well as their most efficient transfer in 
target cells, the use of exosomes in noninvasive 
diagnostics and therapeutics holds great prom-
ise [126–128]. Ongoing studies confirm recovery 
of exosomes carrying pancreatic cancer stem 
cell markers [129]. Most importantly, it has been 
recently shown that circulating exosomes posi-
tive for the cell surface proteoglycan GPC1 may 
serve as a potential noninvasive diagnostic and 
screening tool to detect early stages of pancreatic 
cancer and thus facilitate possible curative surgi-
cal therapy. By using flow cytometry, circulating 
exosomes were detected in the serum of cancer 
patients with absolute specificity and sensitiv-
ity, distinguishing healthy subjects and patients 
with a benign pancreatic disease from patients 
with early- and late-stage pancreatic cancer [130]. 
Focalizing exosomal matrix degrading enzymes, 
a process that facilitates metastasizing CSCs 
toward the premetastatic niche, has been con-
firmed for a rat metastasizing pancreatic ade-
nocarcinoma [131,132]. Furthermore, a detailed 
analysis has recently been presented showing 
that exosomes derived from malignant pancre-
atic lesions play a key role in liver premetastatic 
niche initiation [133].

Interestingly, the tumor exosome miRNA 
uptake from a metastasizing rat pancreatic 
adenocarcinoma affected premetastatic organ 
stroma cells toward supporting tumor cell 
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hosting. Analysis of the exosomal miRNA-
modulated gene expression in target cells showed 
increased protease activity, pronounced adhesion 
molecule and chemokine ligand expression and 
upregulation of cell cycle- and angiogenesis-
promoting genes, as well as of genes engaged in 
oxidative stress response, all fitting the demands 
of metastasizing tumor cells for settlement and 
growth [134]. These findings potentially offer 
a means to interfere with tumor exosome pro-
moted metastasis, a major target in pancreatic 
cancer therapy. Issues of mechanism elucida-
tion, selective uptake and side effects need to be 
addressed and further experimental studies are 
necessary in order to possibly place exosomes 
into therapeutic settings.

●● Strategies blocking miRNA functions
On the other hand, for strategies that block 
miRNA functions, both oligonucleotide-based 
and small molecule-based approaches are being 
explored. It has been shown that ASOs can com-
petitively inhibit upregulated oncogenic miR-
NAs in tumors in a specific, efficient and long-
lasting manner [135]. Preclinical studies indicate 
potent activity of AEG35156 (targets X-linked 
inhibitor of apoptosis mRNA) in combination 
with gemcitabine in PDAC [136]. These data 
imply that targeting miRNAs with ASOs could 
be a potential new therapeutic strategy for PDAC 
(summarized in Table 1). Chemical modifications 
to the backbones of these nucleotides led to the 
development of miRNA antagonists (also known 
as anti-miRs), including antagomiRs and LNAs. 
AntagomiRs represent often cholesterol-conju-
gated, single-stranded RNA molecules about 
21–23 nucleotides in length and complemen-
tary to mature target miRNAs. The introduc-
tion of 2′-O-methyl groups or 2′-O-methoxyethyl 
groups contributes to nuclease resistance, as well 
as improved affinity and specificity toward the 
endogenous miRNA that is further unable to be 
processed by RISC [137,138]. LNAs are a class of 
nucleic acid analogs in which the ribose ring is 
‘locked’ by a methylene bridge connecting the 
2′-O atom and the 4′-C atom. By ‘locking’ the 
molecule with the methylene bridge, LNA oli-
gonucleotides display remarkable hybridization 
affinity toward complementary single-stranded 
RNA [139]. miRNA antagonists specifically silence 
the expression of miRNA leading to upregulation 
of miRNA’s downstream gene targets [140].

Multiple studies indicate the therapeutic 
potential of anti-miRs in pancreatic cancer. 

Specifically, transfection of Capan-2 cells with 
an oligonucleotide able to inhibit the miR-155 
activity caused TP53INP1 re-expression, as 
well as a significant increase in apoptosis [71]. 
Inhibition of miR-27a was shown to inhibit 
growth, colony formation and migration of 
pancreatic cancer cells [105]. Likewise, anti-miR-
483-3p transfection in SW1990 and PANC-1 
cells significantly reduced cell proliferation and 
colony formation [103]. Another study showed 
that anti-miR-371-5p treatment causes prolif-
erative inhibition of pancreatic cancer cells, 
which is partially due to a G1-phase arrest [106]. 
By analyzing the combined effects of altered 
activities of miRNAs in PDAC cell lines and in 
PDAC samples from patients, a combination of 
three miRNAs (miR-21, miR-23a and miR-27a) 
that cooperatively promote tumor growth, was 
identified. Importantly, inhibition of miR-21, 
miR-23a and miR-27a has synergistic effects 
in reducing proliferation of PDAC cells in cul-
ture and growth of xenograft tumors in mice. 
These findings provide evidence that coinhi-
bition of multiple miRNAs holds promise for 
the development of novel cancer therapies [107]. 
Notably, failure of LNA-antagomiRs to success-
fully inhibit miR-21 function in exponentially 
growing tumors in vivo, while being efficient 
in vitro, suggests that the lack of stability and 
the incapacity of these molecules to overcome 
the tumor microenvironment comprise major 
hurdles for direct miRNA-based therapy of pan-
creatic tumors. On the other hand, transfection 
with HIV-1-based lentiviral vectors expressing 
anti-miR-21 strongly inhibits pancreatic cancer 
tumor growth both in vitro and in vivo. The 
latter results, point to the reliance of pancreatic 
cancer miRNA-based therapy on the delivery 
vector. However, the possible genotoxicity asso-
ciated with the use of lentiviral vectors requires 
the design of novel integrase-deficient lentiviral 
vectors for the safe and efficient gene delivery of 
miRNA inhibitors in PDAC-derived cells [104].

The formation of stem loops in pre-miRNAs 
and bulges in miRNAs found in their second-
ary structure reinforced the idea of small-mole-
cule targeting. Such structural features provide 
specificity basis for structure-based drug design. 
Small molecule inhibitors strongly interact with 
the surface of miRNAs, thereby interfering with 
the processing and the biological functions of the 
latter [141]. Several compounds, including isofla-
vone, have been shown to significantly down-
regulate miR-200b, miR-200c, Let-7b, Let-7c, 
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Let-7d and Let-7e in gemcitabine-resistant can-
cer cells [26]. A naturally occurring flavonoid, 
curcumin (diferuloylmethane) has been shown 
to have dramatic effects on the expression pro-
files of miRNAs in pancreatic cancer models. 
Curcumin causes upregulation of miR-22 and 
downregulation of miR-199a, concomitantly 
regulating SP1 and ESR1, which are involved 
in cell growth, metastasis and apoptosis [60].

Future perspective
The number of studies on miRNAs in a PDAC 
setting is increasing at an exponential rate in recent 
years. Multiple deregulated miRNAs and genes 
in different steps of pancreatic oncogenesis have 
been described, supporting the link of miRNAs 
expression with cancer pathogenesis. Importantly, 
several studies provide evidence of miRNA’s 
functional significance as mediators of impor-
tant molecular drivers of PDAC. Identification 
of the role of miRNAs in the regulation of cell 
signaling pathways involved in pancreatic cancer 
development and progression is needed in order 
to broaden our understanding of the molecular 
background of the disease. Notably, combinato-
rial treatments comprising miRNA-intervening 
approaches and chemotherapeutic agents regulate 
tumor responses more efficiently.

From a clinical point of view, the perspec-
tive that introduction of miRNA mimics may 
contribute to pancreatic cancer control provides 
a novel method for pancreatic cancer therapy. 
Given that several reports about restoring 
miRNA function based on in vitro but also 
in vivo models have yielded significant results 
in repressing pancreatic cancer development, 
efficient reconstitution of miRNAs through 
in vivo delivery of pre-miRNA precursors is a 
crucial factor for the development of successful 
miRNA-based treatment modalities. However, 
the in vivo delivery to target sites, its penetration 
into tumor tissues, stability and pharmacokinet-
ics, remain great challenges. Establishment of 
effective delivery systems is necessary to improve 
the stability and uptake of miRNAs. Toward this 
direction, novel miRNA delivery systems such as 
nanocomplexes or exosomes should gain further 
attention as potential means of miRNA-based 
PDAC therapeutics.

Silencing of miRNAs using intravenously 
administered chemically engineered oligonu-
cleotides has been successfully performed in 
many solid organs and in vivo models [142]. So 
far, efficient delivery of antagomiRs via systemic 

administration to the pancreas and hypovascu-
lar PDACs has not been demonstrated. A major 
disadvantage of miRNA antagonists is that they 
possibly exert side effects due to nonselective 
distribution to nontarget organs. Conjugating 
the anti-miRNA oligonucleotide with ligands 
for target organ specific cell surface receptors 
could contribute in overcoming the latter issue. 
Furthermore, development of small-molecule 
drugs seems to be a promising prospect on the 
miRNA-targeted drug discovery.

Conclusion
Taken together, there is increasing evidence that 
modulating miRNA levels and functions in 
pancreatic cancer could be potentially exploited 
for therapeutic gain. As discussed above, each 
miRNA can have different targets and could also 
possibly display bivalent behavior depending on 
the cellular environment. Therefore, therapeutic 
strategies directed toward targeting of a single 
miRNA may yield dramatic alterations in several 
cellular processes and also in a cell-type specific 
manner. These features of miRNA activity could 
be utilized for cancer therapy where targeting of 
multiple pathways might be desirable. Since the 
miRNA mimics and antagonists may also affect 
nontarget tissue when administered, be suscep-
tible to nuclease degradation and be targeted by 
the innate immune system, the aforementioned 
methods have certain limitations with regard 
to their therapeutic applications. Despite these 
impediments, miRNA-based approaches remain 
a promising option for effectively targeting 
endogenous miRNAs. Rapid progress in clini-
cal translation may be anticipated based on the 
applicability of novel miRNA-delivery systems 
such as nanocomplexes, exosomes, lentiviral 
vectors and ligand-conjugated anti-miR oligo-
nucleotides, as well as the discovery of small-
molecule drugs. Over and above, combinations 
of anticancer agents and miRNA modulators 
will potentially improve therapeutic response.
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