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Abstract Pancreatic ductal adenocarcinoma (PDAC) is a
genetically heterogeneous disease with a very limited re-
sponse to most treatments. The main mechanisms respon-
sible for drug resistance in PDAC include molecular ab-
errations in key regulatory genes or signaling pathways,
the desmoplastic reaction which characterize pancreatic
cancer microenvironment, and the presence of resistant
cancer stem cells (CSCs). The recent discovery of
microRNAs (miRNAs) provided new directions for re-
search on all these mechanisms, demonstrating their

important role in the regulation of many important biolog-
ical processes, such as cell survival, proliferation, migra-
tion, invasion, and metastasis. Furthermore, there is in-
creasing interest in defining a functional association be-
tween miRNAs and chemoresistance, with the double aim
to rationally design miRNA-based strategies to improve
clinical outcome and to identify novel biomarkers of treat-
ment response. In this review, we summarize the current
knowledge on the role of miRNAs and their interference
with the main molecular mechanisms responsible for drug
resistance in PDAC.
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Prognosis

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggres-
sive malignancy and fourth leading cause of cancer-related
death in developed countries [1]. The median survival after
diagnosis is 2–8 months, and approximately only 3–6 % of all
patients with PDAC survive 5 years after diagnosis. Surgical
resection remains the cornerstone of management of PDAC,
but this is only feasible for a limited number of patients. The
average survival of resected patients is between 12 and
20months, with a high probability of relapse. Since symptoms
are not very clear in early stages, 80 % of PDACs are diag-
nosed when already advanced, and no curative therapy is
currently available [1]. Chemotherapy prolongs life by only
a fewmonths, and PDAC chemoresistance renders most drugs
ineffective.

Cancer chemoresistance can occur by multiple
mechanisms. It can arise from physiological barriers
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for drug absorption or penetration into target tissues or
from biological mechanisms within individual tumor
cells. The latter can reduce the effectiveness at their
intended site of action, such as increased expression of
enzymes involved in drug catabolism or antiapoptotic
proteins [2•].

MicroRNAs (MiRNAs) are a class of short non-coding
RNAs (ncRNAs) containing approximately 19–24 nt.
MiRNAs regulate more than one third of all human genes,
which demonstrates their remarkable influence on human
biology [3]. It is known that more than 50 % of miRNA genes
are localized within genomic regions that are either frequently
amplified or deleted in different tumor types, resulting in
miRNA deregulation and aberrant expression [4, 5]. The
altered miRNAs may have different effects on the tumors
[6]. Some of these miRNAs have been characterized as potent
oncogenes (oncomiRs), while others have been identified as
tumor suppressors (tsmiRs) based on the consequences of
their expression on the phenotype of several experimental
models [7]. OncomiRs, such as miR-21, are commonly up-
regulated in cancer [8], while tsmiRs, such as let-7, are down-
regulated [9], resulting in unique combinations of miRNAs
(i.e., overexpressed oncomiRs and underexpressed tsmiRs)
characterizing different tumors [10]. Thus, hypothetically,
restoring the expression of somemiRNAs in tumor cells could
lead to differentiation and therefore present a promising ther-
apeutic strategy. Most cancers have a specific miRNA signa-
ture, or “miRNome,” that characterizes the malignant state
and defines some of the clinico-pathological features of the
tumors (e.g., grade, stage, aggressiveness, vascular invasion,
and/or proliferation index) [11].

MiRNA expression levels can be detected in a variety of
human specimens including both fresh and formalin-fixed
paraffin-embedded tissues, fine needle aspirates, and in almost
all human body fluids, including serum, plasma, saliva, urine,
and amniotic fluid [12, 13]. The impressive stability of
miRNAs in tissues and biofluids is a key advantage over
proteins and mRNAs.

The present review summarizes the current knowledge on
the role of miRNAs and their interference with the main mech-
anisms responsible for drug resistance in pancreatic cancer.

MiRNA and Their Involvement in PDAC Signaling
Pathways

At the molecular level, in PDAC, there is a high frequen-
cy of major driver mutations in key regulatory genes,
including KRAS, TP53, CDKN2A, and SMAD4, and
aberrant activation of multiple signaling pathways [14].
Importantly, several miRNAs functionally interact with
these signaling pathways, as described in the following
paragraphs (see also Fig. 1).

KRAS-EGFR Pathway

Over 90 % of PDACs harbor an activating KRAS gene
mutation. The vast majority of these mutations are at codon
12 and occur very early in pancreatic carcinogenesis [15].
Several recent studies have identified specific miRNAs that
regulate the KRAS signaling pathway in pancreatic oncogen-
esis. Preclinical studies have shown that KRAS regulates
miR-21 expression levels in precancerous pancreatic lesions,
and the peak of miR-21 expression correlates with the degree
of progression to more aggressive forms [16]. Another study
identified KRAS as a direct target of miR-96 [17]. Indeed,
overexpression of miR-96 decreased pancreatic cancer cell
invasion, migration and slowed tumor growth, and was asso-
ciated with KRAS downregulation [17]. MiR-126 and let-7d
can also downregulate KRAS levels in PDAC. In particular,
miR-126 can directly target KRAS; thus, miR-126 downreg-
ulation can allow overexpression of KRAS [18].

The K-RAS pathway is closely related and strictly inter-
connected to the EGFR pathway. Indeed, the human EGFR
family is comprised of four members (EGFR/ErbB1, ErbB2
or Her2/neu, ErbB3, and ErbB4). Activated EGF receptors
recruit multiple adaptor and effector proteins and then initiate
signaling via the RAS-ERK, PI3K-AKT, or JAK-STAT path-
ways to regulate a multitude of cellular activities, such as cell
division, differentiation, migration, and programmed cell
death [19].

EGFR overexpression is present in more than 95 % of
PDAC patients [20]. Ali et al. demonstrated an association
of miR-146a and overexpression of EGFR in PDAC cells. In
addition, inhibition of EGFR by siRNA transfection in cells
stably transfected with pre-miR-146a decreased cell invasion
as well as decrease of EGFR expression [20]. Another miRNA
involved in the EGFR pathway is miR200c which may direct-
ly inhibit the expression of the mitogen-inducible gene 6
(MIG6), a negative regulator of EGFR [21]. Moreover, it
was demonstrated that the MIG6-mediated reduction of
EGFR occurs concomitantly with activation of AKTsignaling
pathway, subsequently leading to an EGFR-independent phe-
notype that is refractory to EGFR tyrosine kinase inhibitors.
Moreover, analyses of primary tumor xenografts of patient-
derived lung and pancreatic cancers carrying wild-type EGFR
showed that the tumor MIG6(mRNA)/miR200 ratio is in-
versely correlated with response to erlotinib in vivo [21].

Up to 29 % of PDACs present Her2 overexpression [22].
There is direct correlation between the expression levels of the
Her2/neu and the shorter survival in PDAC patients, suggest-
ing that the Her2/neu signaling pathway is a central regulator
of PDAC oncogenesis [23, 24]. A recent study showed a
relationship between miR-150 and Her2/neu [25]. The expres-
sion of miR-150 is downregulated in PDAC, suggesting that
its restoration could serve as an effective approach for pan-
creatic cancer therapy. With a nanoparticle-based miR-150
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delivery system (miR-150-NF) tested in PDAC cells, an effi-
cient intracellular delivery of miR-150 mimics was found,
leading to a significant downregulation of its target gene
(MUC4) expression. Inhibition of MUC4 correlated with a
concomitant decrease in the expression of Her2/neu and re-
pression of its downstream signaling in PDAC cells. These
observations correlated with decreased growth and
clonogenicity of PDAC cells and suppression of malignant
behavioral properties [25].

PI3K-AKT Signaling

Activation of PI3K-AKT signaling is also correlated with
malignant behavior in PDAC. miR-375 is downregulated in
PDAC and negatively regulates the expression of 3-
phosphoinositide-dependent protein kinase 1 (PDK1) by di-
rectly targeting the 3′UTR of the PDK1 transcript. It may be
concluded that miR-375 suppresses the malignant behavior of
PDAC cells through the AKT signaling pathway [26].

Fig. 1 MicroRNA and their involvement in oncogenic signaling
pathways in PDAC. EGFR pathway, HGF-MET pathway, Notch
pathway, Hedgehog pathway, TGF-ß pathway, and Wnt pathway with
their downstream effector molecules. The effect of various miRs is
indicated by its stimulation (↑) or inhibition (↓). EGFR pathway:
Activation of the EGF receptor results in autophosphorylation of key
tyrosine residues with subsequent activation of downstream signaling
cascades including the RAS/extracellular signal-regulated kinase (ERK)
pathway, the phosphatidylinositol 3-kinase (PI3) pathway, and the Janus
kinase/signal transducer and activator of transcription (JAK/STAT)
pathway. All of them result in cell survival promotion. HGF-MET
pathway: The mesenchymal-epithelial transition factor gene (MET) is
activated as a response to binding of its ligand, hepatocyte growth factor
(HGF). Known effector molecules include the same ones as EGFR
pathway. Notch pathway: A ligand on one cell induces a series of
proteolytic cleavage events in a Notch receptor on a contacting cell.
These cleavage events release the Notch intracellular domain (CD),
which translocates to the nucleus to activate the transcription of Notch
target genes together with CSL (CBF1/suppressor of hairless/LAG-1).
The Notch signaling pathway is important for cell-cell communication,

which involves gene regulation mechanisms that control multiple cell
differentiation processes. Hedgehog pathway: Hedgehog is a secreted
ligand that binds to its receptor, Patched (PTCA1). When PTCA1 is
activated, it leads to inhibition of the Smoothened (Smo) receptor. Smo
is then able to inhibit the phosphorylation and cleavage of Gli, which
prevents the formation of repressive Gli (GliR) and promotes the
formation of activated Gli (GliA). GliA then translocates into the
nucleus and initiates transcription of target genes, which play a role in
stem cell regulation. TGF-β pathway: TGF receptors are activated after
binding with their ligand, which leads to further phosphorylation of
receptor-regulated SMADs (mainly SMAD2 and SMAD3).
Phosphorylated SMAD2/3 forms heteromeric complexes with SMAD4,
which accumulate in the nucleus and activate transcription of different
genes, including those responsible for cell cycle arrest. Wnt pathway: In
the absence of signal, action of the destruction complex (CKIα, GSK3β,
APC, and Axin) creates a hyperphosphorylated β-catenin, which is a
target for ubiquitination and degradation by the proteasome. Binding of
Wnt ligand to a Frizzled/LRP-5/6 receptor complex leads to stabilization
of hypophosphorylated β-catenin, which interacts with TCF/LEF
proteins in the nucleus to activate transcription
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JAK-STAT Signaling

Aberrant activation of the JAK-STAT pathway has been re-
ported in a variety of disease states, including PDAC. Consis-
tent downregulation of expression of miRNA let-7 is often
observed in PDAC [27]. Re-expression of let-7 in poorly
differentiated PDAC cell lines reduced phosphorylation/
activation of STAT3 and its downstream signaling events
and reduced the growth and migration of PDAC cells. The
mechanism is indirect: let-7 re-expression enhanced cytoplas-
mic expression of suppressor of cytokine signaling 3
(SOCS3), which blocks STAT3 activation by JAK2 [27].

HGF-MET Pathway

The mesenchymal-epithelial transition factor gene (MET) is
activated as a response to binding of its ligand, hepatocyte
growth factor (HGF). Known effectormolecules of HGF-MET
signaling cascade include Src, MEK-ERK1/2, PI3K-AKT,
NK-κB, mTOR, and STAT [28, 29]. MET-mediated induction
of these pathways will positively influence cell proliferation,
migration, and survival [30]. An increased MET protein ex-
pression was found in PDAC compared to normal controls.
Moreover, in PDAC, a correlation between MET protein over-
expression and TNM stage was demonstrated [30].

Importantly, in pancreatic cancer stem cells (CSCs), MET
overexpression conferred an equally tumorigenic phenotype in
CD44+/CD24+/ESA+ cells [31•]. An overexpression of MET
has also been associated with epithelial-mesenchymal transition
(EMT)-like changes in PDACwith acquired gemcitabine resis-
tance [32]. miR-26a has been demonstrated to be lost in pan-
creatic CSCs, and its re-expression decreased expression of
CSCmarkers (EpCAM and EZH2) in pancreatic cancer. In this
respect, interestingly, pancreatic CSCs treated with metformin
showed increased expression of six miRNAs including miR-
26a and decreased expression of different CSC markers [33].

Notch Pathway

Notch proteins are known type I transmembrane protein fam-
ily members that function as receptors for membrane-bound
ligands [34•]. The Notch signaling pathway is important for
cell-cell communication, which involves gene regulation
mechanisms that control multiple cell differentiation process-
es. Several studies have shown that the Notch signaling path-
way is regulated by miRNAs during pancreatic oncogenesis.
Re-expression of miR-34a inhibited cell growth and induced
apoptosis, with concomitant downregulation of Notch-1 sig-
naling pathway, one of the targets of miR-34a in PDAC cells
[35]. Moreover, treatment of PDAC cells with genistein led to
the upregulation of miR-34a, resulting in the downregulation
of Notch-1, which was correlated with inhibition of cell
growth and induction of apoptosis [35].

Hedgehog Pathway

The Hedgehog signaling pathway is deregulated in the major-
ity of the PDACs [36]. Hedgehog is a secreted ligand that
binds to its receptor, Patched1 (PTCA1). When PTCA1 is
activated, it leads to inhibition of the Smoothened (Smo)
receptor. Smo is then able to inhibit the phosphorylation and
cleavage of Gli, which prevents the formation of repressive
Gli (GliR) and promotes the formation of activated Gli (GliA).
GliA then translocates into the nucleus and initiates transcrip-
tion of target genes which play a role in stem cell regulation.
MiR-212 is upregulated in PDAC tissues and cells which can
downregulate PTCA1 in PDAC, implicating this signaling
pathway in PDAC cell growth, migration, and invasion [37].

TGF-ß Pathway

TGF receptors are activated after binding with their ligand,
which leads to further phosphorylation of receptor-regulated
SMADs (mainly SMAD2 and SMAD3). Phosphorylated
SMAD2/3 form heteromeric complexes with SMAD4, which
accumulate in the nucleus and activate transcription of differ-
ent genes, including those responsible for cell cycle arrest.
This pathway is of key importance for PDAC [38].

The SMAD4 gene is inactivated in approximately 60 % of
PDACs [34•]. PDACs with loss of SMAD4 expression have
higher rates of distant metastases and a poorer prognosis [39]. A
recent study showed that loss of SMAD4 in PDAC cells was
associated with increased levels of FOXM1, nuclear localization
of β-catenin, and reduced levels of miR-494 [40]. Transgenic
expression ofmiR-494 in PDAC cells produced the same effects
as reducing expression of FOXM1 or blocking nuclear translo-
cation of β-catenin, namely reduction of cell proliferation, mi-
gration, and invasion, and an increase of sensitivity to
gemcitabine. Reduced expression of miR-494 correlated with
increased PDAC metastasis and reduced survival times of pa-
tients. This study suggested that miR-494 might be a prognostic
marker or a therapeutic target for patients with PDAC. The
expression levels for two other miRs, miR-421 and miR-483-
3p, were inversely correlated to SMAD4 expression in PDAC
samples while ectopic expression of these miRNAs repressed
SMAD4 protein levels in PDAC cell lines, suggesting that they
are potent regulators of SMAD4 in PDAC [41, 42].

Wnt Pathway

In the absence of a signal, the action of the destruction complex
(CKIα, GSK3β, APC, and Axin) creates a hyperphosphorylated
β-catenin, which is a target for ubiquitination and degradation by
the proteasome. Binding of Wnt ligand to a Frizzled/LRP-5/6
receptor complex leads to stabilization of hypophosphorylated
β-catenin, which interacts with TCF/LEF proteins in the
nucleus to activate transcription [43].
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MiR-29a expression and the response to gemcitabine ther-
apy in PDAC cells were related [43]. PDAC cells transfected
with anti-miR-29a were more sensitive to gemcitabine with
higher numbers of apoptotic cells and S phase accumulation
compared to control cells. Moreover, the transfected cells
showed lower activation of the Wnt/β-catenin signaling path-
way. The addition of Wnt3a (a Wnt/β-catenin signaling acti-
vator) weakened the augmented growth inhibitory effect of
anti-miR-29a transfection [43].

p16/CDKN2A Inactivation

Loss-of-function mutations in p16 (CDKN2A) occur in ap-
proximately 80 % of sporadic PDAC [44]. Most of these
inactivating mutations lead to loss of function of the protein
p16, the product of the CDKN2A gene. The p16 protein binds
cyclin-dependent kinases 4 and 6 (CDK4 and CDK6) and
specifically inhibits their pRb phosphorylating activity, which
is required for G1/S transition [38]. Inherited mutations in the
p16/CDKN2A gene cause the familial atypical multiple mole
melanoma syndrome, with increased risk for developing PDAC
and melanoma [45]. Several miRNAs that deregulate the cell
cycle genes are essential during PDAC development and pro-
gression. For example, miR-222 targets p27 and p57, which are
both pivotal cell cycle inhibitors [46]. Other studies have shown
that downregulation of miR-132 and miR-212 causes G2/M
cell cycle arrest and results in reduced cell proliferation [47].

TP53 Mutations

The TP53 gene is inactivated in 75 to 85 % of PDACs [15].
Genetic inactivation of TP53 abrogates important cell func-
tions, such as regulation of cellular proliferation and apoptosis
in response to DNA damage. When cellular stress and DNA
damage are detected, degradation of TP53 is inhibited by
different mechanisms, leading to accumulation of its active
form [48]. Preclinical studies have shown that TP53 directly
regulates miR-34, which targets Notch, and therefore plays a
role in the maintenance and survival of PDAC-initiating cells
[48]. Moreover, TP53-induced nuclear protein 1 gene has
been described to be downregulated by miR-155, accelerating
pancreatic tumor development [49]. MiR-222 and miR-203
are also able to target p53 and affect its function as a crucial
regulator of the cell cycle [50].

BRCA2 and PALB2 Mutations

The BRCA2 gene is inactivated in fewer than 10% of PDACs
[51]. Importantly, germline mutations in BRCA2 are associ-
ated with an increased risk of PDAC [52]. Similarly, germline
truncating mutations in the PALB2 gene, which encodes for a
BRCA2-binding protein [53], have been identified in ~3 % of
individuals with familial pancreatic cancer [54, 55]. Of note, a

recent study for the prediction of BRCA1/2 mutation-
associated hereditary breast cancer identified a 35-miRNA
classifier for the prediction of BRCA1/2 mutation status with
a reported 95 and 92 % accuracy in the training and the test
set, respectively [56]. These miRNA signatures might be of
interest also in PDAC in order to complement current patient
selection criteria for gene testing by identifying individuals
with high likelihood of being BRCA1/2 mutation carriers.

MicroRNA-Based Mechanisms of Anticancer Drug
Resistance

Drug resistance can be divided into intrinsic and acquired
resistance. Intrinsic resistance is caused by a pre-existing
phenotype, whereas acquired resistance develops due to re-
peated use of the same drug. A most common form of resis-
tance to a broad range of anticancer drugs is the overexpres-
sion of one or more energy-dependent transporters that detect
and efflux anticancer drugs from cells, resulting in multidrug
resistance (MDR) [5, 57]. However, drug resistance has many
different aspects, including miRNAs. Several miRNAs alter
cellular response to anticancer agents via modulation of drug
efflux and drug targets, DNA repair, cell cycle, and/or apo-
ptotic response, as reported in the following paragraphs (see
also Table 1).

Upregulation of Drug Efflux Transporters

Drug efflux is an important form of resistance against many
currently used antineoplastic agents. An increased expression
of drug efflux pumps keeps the intracellular drug concentra-
tion below a cell-killing threshold [57]. These multidrug
transporters belong to the ubiquitous superfamily of ATP-
binding cassette (ABC) proteins which modulate absorption,
distribution, and excretion of many xenobiotics and natural

Table 1 Selected miRNA candidates which are correlated to anticancer
drug resistance

MiRNA-based
mechanisms of
anticancer drug
resistance

Selected interfering
oncomiRs

Selected
interfering
tsmiRs

Upregulation of drug
efflux transporters

miR-181a-5p, miR-
218-5p

miR-130a-3p and
miR-424-3p

Alterations in drug
targets

miR-192, miR-215 miR-211, let-7

Alterations in DNA
repair

miR-21

Aberrant regulation
of the cell cycle

miR-221, miR-222 miR-34a, miR-26a

Evasion of apoptosis miR-21, miR-148a,
miR-200, miR-17-5p

let-7, miR-204,
miR-320
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and pharmacological compounds. The best known represen-
tatives of this family are P-glycoprotein (P-gp) (ABCB1
encoded by the MDR1 gene) and the human multidrug
resistance-associated proteins (MRP) family (ABCC1-12).
MiRNAs have also been shown to be involved in chemother-
apy resistance through the regulation of ABC membrane
transporters [58].

The role of miRNAs in MDR in PDAC was investigated
via monitoring the modulation of some specific miRNAs by
the treatment of a wild-type cell line (MDCK cells) and in the
corresponding cell line with P-gp overexpression, insensitive
to several antineoplastic treatments (MDCK-MDR1 cells)
[59]. In particular, MDCK cells were stimulated with a spe-
cific P-gp substrate and a selective P-gp inhibitor, verifying
the down- or upregulation of miRNAs with respect to untreat-
ed cells. A different modulation of four miRNAs (miR-181a-
5p, miR-218-5p, miR-130a-3p, and miR-424-3p) was found.
In particular, miRNA-424 was identified as downregulated in
MDR1-MDCK cells stimulated with a specific P-gp substrate.
MiR-424 mediates the induction of the hypoxia-inducing
factors HIF-1α with subsequent MDR1 upregulation. More-
over, miR-424 modulates also the expression of protein cullin
2 (CUL2), a scaffolding protein displaying a pivotal role in the
assembly of the ubiquitin ligase system, thereby stabilizing
HIF-1α [59].

Alterations in Drug Targets

Chemoresistance can also be caused by either quantitative
(i.e., modulation of expression levels) or qualitative (i.e.,
mutation) alterations of the drug targets [58]. Examples of
quantitative alterations have been reported for several antime-
tabolites, which influence various steps in the metabolism of
the building stones of nucleic acids, through inhibition of key
enzymes, such as thymidylate synthase (TS) and ribonucleo-
tide reductase (RR). MiR-192 and miR-215 target TS, which
is the main drug target of the fluoropyrimidine-based therapy
in colorectal cancer, which is also used in PDAC patients [60].
Two recent studies suggested a key role of miR-211 in the
modulation of ribonucleotide reductase subunit 2 (RRM2),
which is an important cellular target of gemcitabine. This
miRNA had a higher expression in PDAC patients with long
vs. short overall survival. MiR-211 was one of the key
miRNAs when evaluating high-resolution miRNA profiles
with the Toray’s 3D Gene™ miRNA chip, detecting more
than 1200 human miRNAs [61•]. Induction of miR-211 ex-
pression in PDAC cell lines increased the sensitivity to
gemcitabine through reduced expression of its target RRM2
[62]. Similarly, it has been demonstrated that let-7 negatively
regulates RRM2 and let-7 expression is inversely correlated
with RRM2 expression in gemcitabine-resistant PDAC cells.
Additionally, silencing RRM2 or overexpression of let-7 was
shown to sensitize PDAC cells to gemcitabine [63].

Alterations in DNA Repair

MiRNAs can also alter cellular response to several anticancer
drugs via interference with DNA repair. In particular, inhibi-
tion of RR by gemcitabine results in deoxyadenosine triphos-
phate (dATP) depletion, causing DNA replication errors.
Moreover, gemcitabine is incorporated into DNA and arrests
DNA replication. Both the mispaired bases and the
gemcitabine-modified DNA bases can be the substrates for
postreplicative DNA mismatch repair (MMR) machinery
[64], which influences cancer cell sensitivity. In several pa-
pers, we described ribonucleotide (NTP) and deoxyribonucle-
otide (dNTP) levels and related disturbances with differences
in effects between sensitive and resistant cell lines. We dem-
onstrated that gemcitabine-induced concentration and combi-
nation dependent changes in NTP and dNTP pools [65, 66].

Defects in MMR proteins have been associated with re-
duced or absent benefit from 5-FU adjuvant chemotherapy
[67]. MMR alterations reduce the incorporation into DNA of
the 5-FU metabolites that cause G2/M arrest and induce
apoptosis after 5-FU treatment. Colorectal cancer cells with
miR-21 overexpression reduced 5-FU-induced G2/M damage
arrest and apoptosis, suggesting that miR-21-dependent
downregulation of core MMR component (hMSH2–hMSH6)
might contribute to both primary and acquired resistance to 5-
FU [68]. Of note, miR-21 is included in the miRNA meta-
signature for recognizing PDAC [69•, 70•]. Furthermore, high
miR-21, high miR-31, and low miR-375 tumoral expression
have been validated as independent prognostic biomarkers for
poor overall survival in PDAC [70•].

Aberrant Regulation of the Cell Cycle

Uncontrolled cellular proliferation is one of the hallmarks of
cancer, and these alterations are commonly caused by genetic
damages to regulator genes such p16 and cyclin D1 or the
tumor suppressor TP53 [71].

Recent studies showed that the members of the miR-34
family are direct TP53 targets, and their upregulation induced
apoptosis and cell cycle arrest [72]. Moreover, the promoter
region of miR-34a/b/c contains CpG islands. CpG methyla-
tion reduces miR-34 family expression in multiple types of
cancer, including PDAC [73]. Epigenetic restoration with
chromatin modulators, demethylating agent 5-Aza-2′-
deoxycytidine and HDAC inhibitor Vorinostat [48], increased
MiR-34a in PDAC. The restoration of miR-34a in human
PDAC and CSCs strongly inhibited cell proliferation, cell
cycle progression, self-renewal, epithelial-to-mesenchymal
transition, and invasion, while inducing apoptosis. These re-
sults provided not only mechanistic insight but also promising
therapeutic approaches, which might also improve the
existing chemotherapies in PDAC. Denk et al. demonstrated
that miR-26a is expressed in the cytoplasm of pancreatic

228 Curr Pharmacol Rep (2015) 1:223–233



ductal epithelial cells, whereas its expression was downregu-
lated in PDAC tissues compared to that of adjacent benign
pancreatic tissues. Patients with low miR-26a expression had
a shorter survival than those with high miR-26a expression.
The in vitro and in vivo assays showed that overexpression of
miR-26a resulted in cell cycle arrest, inhibited cell prolifera-
tion, and decreased tumor growth, which was associated with
cyclin E2 downregulation [74]. Another example of interac-
tion between proteins regulating the cell cycle and miRNAs is
represented by Cyclin-dependent kinase inhibitor 1B
(CDKN1B or p27), which is a cell cycle inhibitor and tumor
suppressor. This enzyme has been identified as a direct target
of miR-221 and miR-222 [75]. The expression of miR-221 is
upregulated in PDAC cell lines and tumor tissues compared to
normal pancreatic duct epithelial cells and normal pancreas
tissues and has been proposed as a candidate plasma bio-
markers in PDAC [76]. However, transfection of miR-221
inhibitor suppressed the proliferative capacity of PDAC cells
with concomitant upregulation of CDKN1B, as well as of
PTEN and PUMA, which are other tumor suppressors among
the predicted targets of miR-221 [77]. The same study showed
that the expression of miR-221 was modulated by the treat-
ment with isoflavone mixture (G2535), formulated 3,3′-
diindolylmethane (BR-DIM), or a synthetic curcumin ana-
logue (CDF), leading to the inhibition of cell proliferation
and migration and supporting further studies on these poten-
tial non-toxic agents in novel targeted therapeutic strategy that
are capable of downregulation of miR-221.

Evasion of Apoptosis

Apoptotic evasion is considered to be one of the main causes
of chemotherapeutic and radiotherapeutic resistance that char-
acterizes the most aggressive tumor [78]. Cancer cells can
resist apoptosis if they have an overexpression of
antiapoptotic proteins involved in the two main apoptosis
pathways, extrinsic and intrinsic. The extrinsic pathway is
regulated mainly by “death receptors” of the TNF receptor
family, while the intrinsic pathway is regulated by Bcl-2
proteins. Various anticancer drugs such as antimetabolites,
DNA cross-linking and intercalating agents, alkylating agents,
topoisomerase I/II inhibitors, and TKIs have been reported to
induce intrinsic or extrinsic apoptotic response in tumor cells,
resulting in caspase activation [79]. Although the extrinsic and
the intrinsic apoptosis pathways are activated by different
stimuli, both pathways can be regulated by specific miRNAs.
For example, upregulation of Bcl-2, directly induced by miR-
21, is associated with decreased apoptosis, chemoresistance to
gemcitabine, and proliferation of MIA PaCa-2 cells [80].
Using Western blot and luciferase activity assay, Bcl-2 was
also identified as a target of miR-148a, and the expression of
Bcl-2 lacking in 3′UTR could abrogate the proapoptotic func-
tion ofmiR-148a in PANC-1 and AsPC-1 cells [81]. Similarly,

exogenous expression of miR-204 and miR-320 reduced the
protein level of their targets, Bcl-2 and Mcl-1, respectively.
Mcl-1 is an antiapoptotic member of Bcl-2 family, and induc-
tion of miR-320 activity led to apoptosis through Mcl-1 sup-
pression, sensitizing cholangiocarcinoma cells to 5-FU [82].
However, miR-204 was also reported to be downregulated in
gemcitabine-resistant PDAC [83], and Li et al. identified a
role for the entire miR-200 family of miRNAs in gemcitabine-
resistant PDAC cells [84]. Conversely, miR-17-5p
downregulates the proapoptotic member of the Bcl-2 protein
family Bim, and PDAC cells transfected with miR-17-5p
inhibitor showed growth inhibition, spontaneous apoptosis,
higher caspase-3 activation, and increased chemosensitivity to
gemcitabine [85]. Pathways delivering an antiapoptotic signal,
such as PI3K/AKT, also play a pivotal role in the balance
between proapoptotic and survival signals, which determine
the fate of cancer cells. An increased miR-21 expression has
been associated with the activation of PI3K/AKT/mTOR
pathway, while combination of anti-miR-21 strategies with
drugs targeting PI3K/AKT/mTOR pathway reduced pAKT
levels and enhanced apoptosis when used in combination with
gemcitabine [86]. Importantly, the antiapoptotic role of miR-
21 is possibly tumor specific since inhibition of miR-21
increased sensitivity and apoptosis induction by gemcitabine
in PDAC and cholangiocarcinoma, but not in colon cancer
cells [86]. This suggests that its oncogenic properties could be
cell and tissue dependent and that its potential role in
chemoresistance should be put in the context of the tumor
type and the treatment [87].

Also, the extrinsic apoptotic pathway can be influenced by
diverse miRNAs. The extrinsic pathway is regulated mainly
by death receptors of the TNF receptor family. The tumor
necrosis factor-related apoptosis inducing ligand (TRAIL)-
induced cell death has been implicated in tumor surveillance.
It was demonstrated that nuclear TRAIL-R2 interacts with
ribonucleoprotein complexes involved in the maturation of
miRNAs of the let-7 family, key differentiation controlling
[88]. Knockdown of TRAIL-R2 resulted in increased levels of
mature let-7 and, consequently, in reduced abundance of the
targets of let-7, high mobility group AT-hook protein 2
(HMGA2) and Lin28B, leading to decreased cell prolifera-
tion. Therefore, nuclear TRAIL-2 can contribute to malignan-
cy [88].

microRNA-Based Mechanism Associated
with Microenvironment and Cancer Stem Cells
Chemoresistance of PDAC

PDAC is characterized by a dense fibrotic stromal matrix
[89] composed of activated fibroblasts/stellate cells, in-
flammatory cells, and other cell types such as endothelial
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cells. PDAC is one of the most stroma-rich malignancies
[90]. Such desmoplasia facilitates a mechanopathology
known as growth-induced solid stress, resulting in col-
lapsed or compressed intratumoral blood vessels or lym-
phatics, which lead to increased hypoxia and interstitial
fluid pressure, both attenuating chemosensitivity [91].
MiR-210 is induced by hypoxia, and the levels of this
miRNA are elevated in PDAC patients and may potentially
serve as a useful biomarker for PDAC diagnosis [92].
Furthermore, miR-210 regulates the interaction between
PDAC cells and stellate cells, promoting the progression
and chemoresistance of tumor cells [93]. However, the
same study showed that stellate cell-induced miR-210 up-
regulation was inhibited by inhibitors of ERK and
PI3K/AKT pathways, suggesting novel therapeutic combi-
nations to counteract the interaction between stellate cells
and PDAC. This interaction is, at least in part, responsible
for the innate resistance to chemotherapy in pancreatic
tumors by creating barriers against circulating drugs. Hyp-
oxia also induced the overexpression of miR-21 [94], while
the treatment with the novel curcumin-derived analogue
CDF downregulated the expression of miR-21 and miR-
210, as well as Nanog, Oct4, EZH2 mRNAs, and the
production of VEGF and IL-6. CDF also led to decreased
cell migration/invasion, angiogenesis, and formation of
pancreatospheres under hypoxia, supporting further studies
on its role to overcome microenvironment-mediated
chemoresistance of PDAC [95].

The existence of CSCs has been widely accepted to be
responsible for tumor aggressiveness in PDAC. By definition,
stem cells have the capability of self-renewal to differentiate
into each cell type and the potential to proliferate extensively
[96]. Adult stem cells have been found in almost every tissue
type and organ-maintaining tissue homeostasis and in
regenerating tissues after injury or damage [97]. It is known
that CSCs constitute only a small percentage (0.05–1 %) of
tumor cells within a tumor mass containing heterogeneous
population of tumor cells within the tumor microenvironment
[98•].

Pancreatic CSC populations express the cell surface
markers CD44+, CD24+, and epithelial-specific antigen
(ESA)+ [99], while MET expression also seems to be an
important marker [35]. The mechanism by which MET
overexpression confers chemoresistance in pancreatic can-
cer likely involves the mesenchymal support network.
Stroma is the predominant source of HGF, suggesting
MET activation is, at least in part, a result of paracrine
signaling [29].

It is also known that miRNAs regulate the CSC character-
istics by affecting signaling pathways and CSC signature
genes. A recent study detected deregulated expression of over
400 miRNAs, including let-7, miR-30, miR-125b, and miR-
335 in PDAC CD44+/CD133+/EpCAM+ (triple marker

positive) CSCs [100•]. In the same study, as a proof of
concept, knockdown of miR-125b resulted in the inhibition
of tumor aggressiveness, consistent with the downregulation
of CD44, EpCAM, EZH2, and snail. These results clearly
suggest the importance of miRNAs in the regulation of CSCs
characteristics, and their potential role as novel targets to
improve therapeutic efficacy. Recently, it was also demon-
strated that miR-1246 induced chemoresistance and was re-
lated to cancer stemness in pancreatic cancer cell lines via
controlling CCNG2 [101].

Taking together, in pancreatic cancer, CSCs have the ca-
pacity for increased cell growth, cell migration/invasion, me-
tastasis, and also treatment resistance.

Conclusions and Future Perspectives

PDAC is one of the most aggressive and lethal malignancies.
The only treatment option for unresectable locally advanced
or metastatic PDAC remains cytotoxic chemotherapy. Clinical
trials evaluating the combinations with signal transduction-
targeted therapies have been disappointing. Actually, the ther-
apeutic options for metastatic PDAC include gemcitabine as
monotherapy or in combinations (mainly with nab-paclitaxel)
or FOLFIRINOX which represent the combination of 5-FU,
leucovorin, irinotecan, and oxaliplatin [102]. The response to
most treatments is limited or might be too toxic, especially
FOLFIRINOX. Therefore, a continued search for new effec-
tive therapies, as well as biomarkers to assess the likelihood of
response to these therapies, is ongoing.

MiRNAs are clearly involved in PDAC tumorigenesis;
progression and recent evidence support their utility as prom-
ising biomarkers in cancer diagnosis, prognosis, and drug
response/resistance. In clinical practice, the advantage of
miRNAs is their stability in both formalin-fixed, paraffin-
embedded tumor tissues and biofluids which make them ideal
as pre-treatment static biomarkers (miRNAs expression in
tissue) or dynamic biomarkers during the treatment (in
plasma/serum of the PDAC patients) with the hope to identify
the characteristic modulation associated with good/poor re-
sponse to chemotherapy. Therefore, in this review, we sum-
marized the miRNAs’ interference with the main mechanisms
responsible for drug resistance in PDAC (changes in key
regulatory genes/signaling pathways, pancreatic microenvi-
ronment, and highly resistant CSCs).

Nowadays, no conclusive evidence about clinical util-
ity of miRNAs has been obtained. This could be ex-
plained mainly by heterogeneous material or diverse tech-
niques used for examining the expression of miRNAs.
More studies avoiding heterogeneity are required to eval-
uate the real importance of miRNAs as predictive bio-
markers in PDAC.
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