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Abstract 

Pancreatic cancer remains the fourth leading cause of cancer-related death in the US and is ex-
pected to be the second leading cause of cancer-related death by 2030. Therefore, it is important 
to better understand the molecular pathogenesis, phenotypes and features of pancreatic cancer in 
order to design novel molecularly targeted therapies for achieving better therapeutic outcome of 
patients with pancreatic cancer. Recently, the roles of microRNAs (miRNAs) in the development 
and progression of pancreatic cancer became a hot topic in the scientific community of pancreatic 
cancer research. By conducting miRNA expression profiling, the aberrant expression of miRNAs 
was revealed in the serum and in cancer tissues from patients with pancreatic cancer. These ab-
errantly expressed miRNAs are critically correlated with the disease stage, drug resistance, and 
survival of pancreatic cancer patients. Hence, targeting these tiny molecules, the specific miRNAs, 
could provide an efficient and optimal approach in the therapy of pancreatic cancer. Indeed, the 
pre-clinical and in vivo experiments showed that nanoparticle delivery of synthetic oligonucleotides 
or treatment with natural agents could be useful to modulate the expression of miRNAs and 
thereby inhibit pancreatic cancer growth and progression, suggesting that targeting miRNAs 
combined with conventional anti-cancer therapeutics could be a novel therapeutic strategy for 
increasing drug sensitivity and achieving better therapeutic outcome of patients diagnosed with 
pancreatic cancer. 

Key words: pancreatic cancer, tumor suppressive miRNA, oncogenic miRNA, carcinogenesis, cancer progres-
sion, natural agents, nanoparticle delivery 

Introduction 
Pancreatic cancer remains one of the most ag-

gressive malignances in the US. The researchers in 
American Cancer Society have estimated that 48,960 
new cases of pancreatic adenocarcinoma will occur in 
the US during 2015 and that 40,560 deaths from pan-
creatic cancer is expected in 2015 [1]. Importantly, 
pancreatic cancer is the fourth leading cause of cancer 
related death in the US [1] and it is expected that 
pancreatic cancer will become the second leading 
cause of cancer-related death by 2030 [2]. The high 
mortality of pancreatic cancers is in part due to the 
lack of diagnostic symptoms in the early stages, the 
absence of early detection tools for pancreatic cancer, 

and the shortage of optimal therapeutics that can also 
overcome drug resistance. Metastasis is another rea-
son for the high mortality. About 50 % of patients 
with pancreatic cancer have metastasis at the time of 
diagnosis [3-5]. In recent years, with the advancement 
of therapies, the overall survival of patients with 
metastatic pancreatic cancer slightly increased from 6 
months to nearly 1 year [6;7]. However, 5-year sur-
vival of all stages of pancreatic cancer is only 7% with 
2% for distant and 26% for localized disease [1], sug-
gesting that the clinical outcome of patients with 
pancreatic cancer remains poor. Therefore, there is an 
urgent need for better understanding the molecular 
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pathogenesis, phenotypes and features of pancreatic 
cancer in order to design novel molecularly targeted 
therapies for the treatment of pancreatic cancer. 

 Recently, the roles of microRNAs (miRNAs) in 
the development and progression of cancers includ-
ing pancreatic cancer became one of the major hot 
topics in cancer research. Emerging studies have been 
focused on the biosynthesis, function, and the molec-
ular regulation of miRNAs in normal physiological 
and pathological conditions in chronic diseases in-
cluding different types of cancers. The emerging evi-
dence also shows that the tiny molecule, the miRNA, 
has huge impact on cell growth, differentiation, and 
apoptosis through the regulation of specific gene ex-
pression [8-10]. The miRNAs are a naturally occur-
ring, non-coding small (commonly 19-22 nucleotide 
long) RNAs which are highly conserved across dif-
ferent species and highly specific for developmental 
stages [8-10]. In vivo, miRNAs are biosynthesized 
from differential miRNA genes and matured from 
pri-miRNA and pre-miRNA to miRNA. In cells, RNA 
polymerase II is necessary for constructing miRNA 
chains. Firstly, using miRNA gene as templates RNA 
polymerase II synthesizes miRNA precursors 
(pri-miRNAs) which have comparatively longer se-
quences. Following this transcription, Drosha and 
Dicer cut the pri-miRNA to produce pre-miRNA du-
plex which moves from nucleus to cytosol. In cytosol, 
the miRNA duplex is dissociated and the single 
strand miRNA becomes the mature miRNA. The 
mature miRNA is then incorporated in the complex 
known as RNA-induced silencing complex (miRISC). 
In the majority of cases, by binding of miRNA to the 
3’-UTR of target mRNAs through partial comple-
mentarity, miRNA induces the process for silencing 
the protein expression of the target genes through 
translational repression or mRNA degradation 
[10-12]. Because miRNAs control cell growth, differ-
entiation and apoptosis, the alterations in the expres-
sion of miRNAs has been correlated with cancer de-
velopment and progression [13;14].  

By conducting miRNA expression profiling, the 
aberrant expression of miRNAs has been found in 
various cancers including pancreatic cancer. In pan-
creatic cancer cells, several miRNAs act as oncogenic 
mediators which inhibit the expression of tumor 
suppressors, resulting in development and progres-
sion of pancreatic cancer. On the other hand, some 
miRNAs function as tumor suppressors which 
down-regulate the expression of oncogenes, and 
thereby inhibit cancer growth and aggressiveness. 
Significantly increased levels of oncogenic miRNAs 
and decreased levels of tumor suppressive miRNAs 
have been found in pancreatic pre-cancerous and 
cancerous cells [15-17], suggesting that the aberrant 

expressions of miRNAs together with the disorders of 
cellular signal transduction constitute the molecular 
basis of pancreatic cancer development and progres-
sion as presented by a simplistic diagram (Figure 1). 
Since each miRNA has hundreds of different con-
served or non-conserved targets, the alterations in the 
level of a specific miRNA could cause significant al-
terations in the expression of many genes, and thereby 
promote aberrations in multiple cellular signal 
transduction pathways, resulting in development and 
progression of pancreatic cancer. Therefore, targeting 
these miRNAs could provide an efficient approach for 
prevention or treatment of pancreatic cancer through 
the regulation of multiple genes.  

 

 
Figure 1: The roles and regulation of miRNAs in the development and 
progression of pancreatic cancer. 

 

Serum miRNAs in pancreatic cancer pa-
tients for diagnosis and prognosis 

Because of the aggressive feature of pancreatic 
cancer, early detection has been recognized to be very 
important for decreasing mortality of pancreatic can-
cer. However, many pancreatic cancers already are at 
the metastatic stages at the time of diagnosis, and 
there is no means of early detection to-date. Thus, 
growing studies have been focused on miRNA pro-
filing using the serum from patients with pancreatic 
cancer in order to find some valuable biomarkers that 
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could be used in early diagnosis of pancreatic cancer, 
at least, in high-risk subjects, and also in assessing the 
prognostic significance of miRNAs in pancreatic can-
cer (Table 1). Because serum or plasma miRNA pro-
filing is relatively non-invasive and convenient, the 
results from these studies could provide invaluable 
information in support of the early detection of pan-
creatic cancer and for the prognostication. In the fol-
lowing paragraphs we will summarize what is known 
for the serum or plasma miRNAs in pancreatic cancer 
patients.  

 

Table 1. The altered serum/plasma miRNAs used for the diag-
nosis and prognosis of pancreatic cancer 

Altered miRNA or 
miRNA panel 

Combined 
with other 
markers 

Roles in the diagnosis and 
prognosis of pancreatic 
cancer 

Ref 

miR-16, miR-196a CA19-9 Diagnosis of pancreatic 
cancer at early stage. Better 
diagnostic accuracy when 
combined with CA19-9. 

[18;20] 

miR-27a-3p CA19-9 Better diagnostic accuracy 
with high sensitivity and 
specificity when combined 
with CA19-9. 

[19] 

miR-145, miR-150, 
miR-223,  miR-636 

CA19-9 Significantly increased 
sensitivity and specificity 
for diagnosis. 

[21] 

miR-26b, miR-34a, 
miR-122, miR-126, 
miR-145, miR-150, 
miR-223, miR-505, 
miR-636, miR-885 

CA19-9 Significantly increased 
sensitivity and specificity 
for diagnosis. 

[21] 

miR-1290 No Specific discrimination of 
early stage pancreatic 
cancer. Better than CA19-9. 

[22] 

miR-6075, miR-4294, 
miR-6880-5p, 
miR-6799-5p, 
miR-125a-3p, 
miR-4530, 
miR-6836-3p, 
miR-4476 

No Higher sensitivity and 
specificity for the diagnosis 
of pancreatic cancer com-
pared to CA19-9 and CEA. 

[23] 

miR-21 No Distinguishing various 
stages. Significantly corre-
lated with advanced stage, 
metastasis, drug resistance, 
and poor survival of pa-
tients 

[24;28;29;31] 

miR-196a, miR-196b No High sensitivity and speci-
ficity for diagnosis of 
high-grade PanIN. Associ-
ated with poor survival. 

[25;27] 

miR-18a, miR-223 No Significantly up-regulated 
in cancer and decreased 
after surgery. 

[32;34;35] 

miR-221 No Significantly decreased 
after surgery. Correlated 
with distant metastasis 

[33] 

miR-663a No Significantly and inversely 
correlated with TNM stage. 

[36] 

 

Serum/plasma miRNA markers for the diag-
nosis of pancreatic cancer 

A study on the plasma miRNAs as diagnostic 
biomarkers for pancreatic cancer has been conducted 

to investigate whether miRNAs together with CA19-9 
could be useful for early detection of pancreatic can-
cer [18]. It was found that the expression levels of 
miR-16, miR-21, miR-155, miR-181a, miR-181b, 
miR-196a and miR-210 were significantly increased in 
plasma from pancreatic cancer patients compared to 
the levels in plasma from pancreatitis patients and 
normal adults. Moreover, the increased levels of 
miR-16 and miR-196a combined with increased level 
of serum CA19-9 have been found to be more effective 
for distinguishing pancreatic cancer from pancreatitis 
and normal individuals. Furthermore the study 
showed that the combined biomarkers were specifi-
cally effective for diagnosis of pancreatic cancer at 
stage 1, suggesting the value of these biomarkers for 
early detection of pancreatic cancer in tumor screen-
ing [18]. In addition, other studies also showed that 
testing for the expression levels of miR-16 in plasma 
or miR-27a-3p in peripheral blood mononuclear cells 
in combination with serum CA19-9 could provide a 
better diagnostic accuracy with high sensitivity and 
specificity for the diagnosis of pancreatic cancer 
[19;20].  

To compare the sensitivity and specificity be-
tween serum miRNA detection and CA19-9 for the 
diagnosis of pancreatic cancer, a case-control study 
including large number (409) of patients with pan-
creatic cancer was conducted. The results showed that 
the expression levels of 38 miRNAs in the whole 
blood were significantly altered in patients with pan-
creatic cancer [21]. From these results, two diagnostic 
panels were constructed. Panel one consisted of 
miR-145, miR-150, miR-223, and miR-636 while panel 
two included miR-26b, miR-34a, miR-122, miR-126, 
miR-145, miR-150, miR-223, miR-505, miR-636, and 
miR-885. The sensitivities and specificities of these 
two panels were less than that of CA19-9. However, 
when these two panels were combined with CA19-9, 
the sensitivity and specificity for the diagnosis of 
pancreatic cancer were significantly increased [21]. 
This study was consistent with other studies [18;19], 
demonstrating that circulating miRNA detection 
combined with CA19-9 measurement could be useful 
for early detection of pancreatic cancer.  

To improve the early detection of pancreatic 
cancer, a study was conducted to find specific serum 
miRNAs that could be useful for distinguishing pa-
tients with low-stage pancreatic cancer from healthy 
controls. This study showed that serum miR-1290 had 
the best diagnostic performance among the miRNAs 
tested [22]. The expression level of serum miR-1290 
specifically discriminated low stage pancreatic cancer 
patients from controls. The discrimination by 
miR-1290 was better than that of CA19-9, suggesting 
that testing for plasma miR-1290 could significantly 
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improve the early detection potential of pancreatic 
cancer. Another study also found that the combina-
tion of eight miRNAs including miR-6075, miR-4294, 
miR-6880-5p, miR-6799-5p, miR-125a-3p, miR-4530, 
miR-6836-3p, and miR-4476 could have higher sensi-
tivity and specificity for the diagnosis of pancreatic 
cancer compared to CA19-9 and CEA [23]. This 
miRNA panel also identified 18/21 operable pancre-
atic cancers, suggesting that this panel of miRNAs 
would be very useful for identifying operative pan-
creatic cancer cases without further clinical workups 
[23]. These findings, although limited, clearly suggest 
that some serum/plasma miRNAs may possess better 
diagnostic features than CA19-9 and CEA for the di-
agnosis of pancreatic cancer. 

Serum miRNA expression profiling has also 
been performed for testing the specificity and sensi-
tivity of a set of specific miRNAs as biomarkers in the 
diagnosis of pancreatic cancer [24]. It was found that 
the expression of several miRNAs including miR-20a, 
miR-21, miR-24, miR-25, miR-99a, miR-185, and 
miR-191 in the serum from patients with pancreatic 
cancer was significantly up-regulated compared to 
cancer-free control subjects. These up-regulated 
miRNAs showed high sensitivity and specificity for 
distinguishing various stages of pancreatic cancer 
from non-cancer controls and pancreatitis patients. In 
addition, the expressions of serum miR-196a and 
miR-196b were up-regulated in patients with pancre-
atic cancer. The combination detection of both 
miR-196a and miR-196b showed high sensitivity and 
specificity for diagnosis of pancreatic cancer and 
high-grade PanIN lesions [25]. The levels of miR-1246, 
miR-4644, miR-3976 and miR-4306 were also signifi-
cantly increased in serum-exosomes from pancreatic 
cancer patients and showed high sensitivity and 
specificity for the diagnosis of pancreatic cancer [26]. 

Together, the results from different experiments 
suggest that testing serum/plasma miRNA expres-
sion may provide a new non-invasive approach for 
diagnosis of pancreatic cancer. From the results, it is 
obvious that a panel including multiple se-
rum/plasma miRNAs could provide higher sensitiv-
ity and specificity as diagnostic biomarkers for pan-
creatic cancer detection. Studies have shown that a 
specific miRNA or a group of miRNAs could be better 
diagnostic markers compared to CA19-9 [22;23]. 
However, combination of these miRNAs and CA19-9 
significantly increases sensitivity and specificity for 
the diagnosis of pancreatic cancer (Table 1), providing 
new sensitive and accurate diagnostic strategy for 
pancreatic cancer.  

Serum miRNA biomarkers for the prognosis of 
pancreatic cancer 

In order to find whether specific serum miRNAs 
could be useful as prognostic biomarkers for pancre-
atic cancer, a penal of miRNAs were tested. It was 
found that the level of serum miR-196a in patients 
with unresectable pancreatic cancer was significantly 
up-regulated than those in patients with resectable 
pancreatic cancer [27]. Moreover, the study found that 
the higher levels of serum miR-196a was significantly 
correlated with poor survival of patients with pan-
creatic cancer, suggesting that serum miR-196a could 
be useful as non-invasive marker for prognosis of 
pancreatic cancer and selection of therapeutic strategy 
[27]. 

Several studies have shown the value of in-
creased expression of serum miR-21 as prognostic 
biomarkers in pancreatic cancer [24;28;29]. The level 
of plasma miR-21 was increased in pancreatic cancer. 
Moreover, the level of plasma miR-21 was signifi-
cantly correlated with advanced stage, metastasis to 
lymph node and liver, and poorer survival of patients 
with pancreatic cancer [29]. Moreover, serum miR-21 
could serve as a biomarker for drug resistance in the 
treatment of pancreatic cancer. Importantly, it was 
also found that miR-21 could protect the pancreatic 
cancer cells from gemcitabine-induced apoptosis 
through the inhibition of its target FasL [30]. Similar 
results were also reported by others showing that 
serum miR-21 levels were increased in gemcita-
bine-resistant pancreatic cancer patients compared 
with gemcitabine-sensitive patients [31;32]. These 
findings clearly suggest the importance of serum 
miR-21 in the prognosis of pancreatic cancer. There-
fore, a targeted approach for the inactivation of 
miR-21 could become a newer method for better 
treatment of pancreatic cancer. 

In addition to miR-21, plasma miR-221 and 
miR-18a were also significantly increased in pancre-
atic cancer patients compared with control subjects 
[32-34]. It was found that the higher expression of 
plasma miR-221 was correlated with distant metasta-
sis and that the levels of plasma miR-221 and miR-18a 
were significantly decreased after surgery, suggesting 
that plasma miR-221 could be a useful biomarker for 
monitoring therapeutic success in patients with pan-
creatic cancer [32-34]. Moreover, plasma miR-223 was 
significantly up-regulated in pancreatic cancer and 
was significantly decreased after surgery [35]. These 
findings demonstrate that serum miRNAs such as 
miR-221, miR-18a and miR-223 could be used as 
suitable biomarkers for monitoring therapeutic bene-
fit or final treatment outcome. 

Other serum miRNAs also showed their function 
as predictive biomarkers in the prognosis of pancre-
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atic cancer patients. The expression of serum miR-492 
and miR-663a were significantly down-regulated in 
pancreatic cancer patients [36]. Moreover, the expres-
sion levels of miR-663a was significantly and in-
versely correlated with TNM stage of pancreatic can-
cer, suggesting that serum miR-492 and miR-663a 
could be non-invasive biomarkers for the prognosis of 
pancreatic cancer patients [36]. It was also reported 
that the levels of serum miR-194 were up-regulated in 
patients with pancreatic cancer when compared with 
control [37]. Further studies have shown that the in-
troduction of miR-194 into pancreatic cancer cells in-
creased cell proliferation, migration and colony for-
mation through the inhibition of DACH1, suggesting 
that miR-194 overexpression contributes to tumor 
growth and poor prognosis of pancreatic cancer pa-
tients [37]. 

Since pancreatic cancer is an aggressive malig-
nance, prognosis of pancreatic cancer is important in 
the management of pancreatic cancer therapy. The 
findings described above strongly suggest that several 
specific miRNAs such as miR-21, miR-196a, miR-21 
and miR-18a are useful prognostic biomarkers for 
predicting survival, monitoring surgical outcome, and 
selecting therapy based on drug sensitivity. Testing 
serum/plasma miRNAs is non-invasive; therefore, it 
provides convenient approach for the management of 
pancreatic cancer therapy.  

The aberrant expression of miRNAs in 
pancreatic cancer cells 

 Since aberrant expressions of miRNAs play im-
portant roles in carcinogenesis, the miRNA expression 
profiles in pancreatic adenocarcinoma have been in-
vestigated [16;38-43]. By profiling miRNA expression, 
it has been found that the altered miRNA expression 
profiles of cancer cells were significantly associated 
with progression, drug-resistance, and prognosis of 
pancreatic cancer patients. 

The expression profiling of miRNAs 
 The pancreatic cancer tissues from different 

sources such as fine-needle biopsy, fresh frozen tissue, 
and formalin-fixed paraffin-embedded tissues have 
been used for miRNA profiling. A miRNA microarray 
study using fine-needle aspirates (small biopsy sam-
ples) of pancreatic cancer patients was conducted for 
assessing the miRNA profiles of pancreatic cancers 
compared to normal pancreatic tissues. The results 
showed that a total of 158 miRNAs were aberrantly 
expressed where the expression of 51 miRNAs was 
increased and 107 miRNAs were decreased. Further 
analysis showed that the expression levels of miR-21, 
miR-27a, miR-200a, and miR-196a were increased and 
the levels of miR-217, miR-20a, and miR-96 were de-

creased in pancreatic cancer specimens [38]. The 
global miRNA microarray was also conducted using 
fresh tissues from pancreatic cancer patients. The in-
creased expression of miR-21 and decreased expres-
sion of miR-34a and miR-30d were found in pancre-
atic cancer, and the alterations in the expressions of 
miR-21 and miR-34a were associated with poor over-
all survival [43]. 

The miRNA profiles using formalin-fixed paraf-
fin-embedded tissues from pancreatic cancer and ad-
jacent normal control tissues were also investigated. 
The results showed 43 miRNAs were up-regulated 
while 41 miRNAs were down-regulated. Among 
them, miR-614, miR-492, miR-622, miR-135b and 
miR-196 were most differentially expressed [40]. In a 
study using large number of pancreatic cancer and 
normal control tissues, it was found that the expres-
sions of miR-21, miR-155, miR-210, miR-221, and 
miR-222 were significantly increased while the levels 
of miR-31, miR-122, miR-145, and miR-146a were de-
creased in pancreatic cancer tissues [41]. Moreover, 
the expression levels of miR-21 and miR-155 were 
significantly correlated with tumor stage and poor 
prognosis [41]. These results suggest that the aberrant 
expressions of some miRNAs are responsible for the 
development and progression of pancreatic cancer. 

To compare the differential miRNA expression 
signatures involved in tumor transformation between 
pancreatic benign cystic tumor and pancreatic cancer, 
miRNA microarray was conducted using forma-
lin-fixed paraffin-embedded and fresh surgical 
specimens from pancreatic cancer patients. Among 
the large number of decreased miRNAs, the miR-16, 
miR-126 and let-7d which typically target oncogenes 
were significantly down-regulated [42]. Moreover, 
miR-21 up-regulation appeared to be an early event in 
the transformation from normal pancreatic tissue to 
pancreatic cancer [42]. 

Intraductal papillary mucinous neoplasms 
(IPMN) include different grade of tumors from 
low-grade dysplastic lesion to invasive cancer. Inves-
tigating the miRNA profiles of the differential grades 
of IPMN could reveal the roles of altered miRNAs in 
the development and progression of pancreatic can-
cer. To that end, it was found that the expression lev-
els of miR-100, miR-99b, miR-99a, miR-342, miR-126, 
and miR-130a were decreased while the expressions 
of miR-130a, miR-342, and miR-126 were increased in 
high-risk IPMNs compared to low-risk IPMNs [44], 
suggesting the value of these miRNAs for the predic-
tion of risk of developing pancreatic cancer. Another 
study showed that miR-21, miR-155, miR-150, 
miR-148a, and miR-217 had significantly different 
expression patterns between benign IPMN and ma-
lignant IPMN [39], suggesting that these miRNAs are 
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critical for tumor transformation from benign to ma-
lignant. Furthermore, up-regulated expression of 
miR-21 and miR-155, and deceased levels of miR-148a 
and miR-217 were observed in IPMN with invasive 
pancreatic cancer [39], suggesting their roles in the 
progression of pancreatic cancer. 

 Although each miRNA profiling study may 
show differential miRNA alterations because of dif-
ferent sample sources and techniques used, the in-
creased levels of miR-21, miR-221, and miR-155, and 
the decreased levels of miR-145 and miR-34 in pan-
creatic cancer tissues are consistent and more fre-
quently observed in different miRNA profiling stud-
ies as summarized in a diagram (Figure 1). In the fol-
lowing sections, we will summarize the role of some 
selected miRNAs in pancreatic diseases. 

The role of miR-21 
 The up-regulation of miR-21 has been found in 

pancreatic cancer tissues and cell lines. In a study, 
eighty pancreatic cancer specimens were microdis-
sected and tissue microarrays were created for in situ 
hybridization for assessing the expression of miR-21. 
The expression of miR-21 was observed in 63 (79%) 
pancreatic cancers with strong signal while it was 
only detected in one of 12 (8%) benign pancreas and 
12 (27%) chronic pancreatitis cases with moderate 
expression [45]. Further analysis showed that strong 
miR-21 expression was associated with poorer sur-
vival of patients [45]. 

 The miR-21 has also been found to be signifi-
cantly overexpressed in pancreatic cancer cell lines 
compared to nonmalignant pancreatic cells. Transfec-
tion of miR-21 into pancreatic cancer cells signifi-
cantly increased proliferation, invasion, and chemo-
resistance to gemcitabine [46]. It was also found that 
the expression of miR-21 was associated with PanIN 
progression in the K-ras mutant mouse model [47]. 
Patients with high level of miR-21 had a significantly 
shorter overall survival. Enforced expression of 
miR-21 in pancreatic cancer cells significantly reduced 
the anti-proliferative and apoptotic effects of gem-
citabine with the up-regulation of MMP-2, MMP-9, 
and VEGF, suggesting important role of miR-21 in 
gemcitabine chemoresistance [48]. In contrast, low 
expression of miR-21 was associated with benefit from 
adjuvant treatment and anti-miR-21 approach in-
creased anti-cancer drug activity in in vitro studies 
[49]. 

 Inhibition of miR-21 in pancreatic cancer cells 
caused decreased cell proliferation and increased 
apoptosis with up-regulation of PDCD4 and PTEN, 
suggesting that PDCD4 and PTEN could be targets of 
miR-21 (Figure 1) [50-54]. The level of miR-21 was also 
increased in tumor-associated fibroblasts (TAFs) in 

pancreatic cancer tissues. The high expression of 
miR-21 was significantly associated with poor overall 
survival and lymph node invasion, suggesting that 
tumor-associated fibroblasts promote the aggressive 
biological behavior of pancreatic cancer cells [55]. 

The role of miR-155 
 The up-regulated expression of miR-155 was 

found in pancreatic pre-cancerous and cancer cells. In 
PanIN, significant up-regulation in the expression of 
miR-155 was also found in both PanIN-2 and PanIN-3, 
suggesting that the aberrant expression of miR-155 
plays important role in the development and pro-
gression of pancreatic cancer [56]. Moreover, signifi-
cant correlation between increased miR-155 expres-
sion and overall survival were found in patients with 
pancreatic cancer [57], suggesting that miR-155 plays 
a critical role in the progression of pancreatic cancer. 

Molecular studies on miRNA profiles also 
demonstrated that the expression of miR-155 was 
up-regulated in pancreatic cancer tissues and that the 
expression of suppressor of cytokine signaling 1 
(SOCS1) was lower in cancer tissues and higher in 
tumor-adjacent tissues. Moreover, the level of 
miR-155 expression was correlated with lymph node 
metastasis and clinical stage, suggesting that miR-155 
could regulate pancreatic cancer cell invasion and 
migration by targeting SOCS1 signaling in pancreatic 
cancer cells (Figure 1) [58]. It has also been reported 
that miR-155 regulated the expression of Mut L hom-
ologue 1 (MLH1), and further mechanistic studies 
showed that the expression of MLH1 was 
down-regulated in pancreatic cancer and that the 
transfection of pre-miR-155 into pancreatic cancer 
cells inhibited the expression of MLH [59]. Moreover, 
high expression of MLH1 was significantly correlated 
with favorable differentiation and less lymph node 
metastasis [59]. Furthermore, miR-155 knock-down 
could lead to the inhibition of cell growth and colony 
formation with reduced expression of EGFR, 
MT1-MMP, and K-Ras [60], suggesting multiple tar-
gets of miR-155 in pancreatic cancer progression. 

The role of miR-221 
 It is well known that the expression of miR-221 

is significantly increased in pancreatic cancer 
[17;41;60-62]. It has been reported that the expres-
sion of miR-221/miR-222 was increased in different 
grades of PanIN lesion, especially in PanIN-2 and 
PanIN-3, suggesting its role in development and pro-
gression of pancreatic cancer [47]. Moreover, by in situ 
hybridization, miR-221 was found to be highly ex-
pressed in more malignant cells of pancreatic cancer, 
suggesting that miR-221 also contributes to the pro-
gression of pancreatic cancer [63]. Furthermore, high 
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miR-221 expression has been associated with distant 
metastasis and non-resectable status [33]. The patients 
with high miR-221 expression also had a relatively 
shorter survival compared to those with lower ex-
pression of miR-221.  

Molecular mechanistic studies have shown that 
enforced introduction of miR-221 inhibitor (an-
ti-miR-221) into pancreatic cancer cells could signifi-
cantly decrease the proliferative capacity of pancreatic 
cancer cells together with increased expression of 
PTEN, p27kip1, p57kip2, and PUMA [64], suggesting 
that miR-221 could induce pancreatic cancer cell 
growth through the inhibition of its targets such as 
PTEN, p27kip1, p57kip2, and PUMA (Figure 1). As 
documented in the literature that pancreatic stellate 
cells (PSCs) contribute to development and progres-
sion of pancreatic cancer, it was found that the ex-
pression of miR-221 was increased in PSCs, leading to 
increased cell proliferation and movement mediated 
though the regulation of MAPK and Smad signaling 
[65]. These findings demonstrate the multiple targets 
of miR-221 in pancreatic cancer cells and stellate cells 
in the tumor microenvironment.  

The role of miR-145 
 In pancreatic cancer cells, the expression of 

miR-145 has been found to be significantly 
down-regulated [21]. It is known that K-ras activation 
could cause the repression of the miR-143/145 cluster 
[66]. In pancreatic cancer cells, decreased expression 
of miR-145 could partly be due to the activation of 
K-ras [41]. Moreover, miR-145 could inhibit the ex-
pression of insulin growth factor-1 receptor [67]. In 
addition, miR-145 could also target pluripotency 
maintenance factors such as OCT4, SOX2, NANOG, 
and KLF4 (Figure 1) [68]. Enforced expression of 
miR-145 (transfecting cells with pre-miR-145) reduced 
the expression levels of cancer related genes including 
ITGA11, MAGEA4, SET, RPA1, MCM2, ABCC1, 
SPTBN1 and SPTLC1 [69]. All of these miR-145 target 
genes are critical for pancreatic carcinogenesis, stem-
ness maintenance, and growth of pancreatic cancer. 

The role of miR-146a 
 In pancreatic cancer cells, the level of expression 

of miR-146a has been found to be down-regulated 
[70;71]. Pancreatic cancer tissues also showed de-
creased expression of miR-146a [41]. In addition, ac-
tivated pancreatic stellate cells has been found to ex-
press low levels of miR-146a [65]. Further molecular 
mechanistic studies have shown that enforced ex-
pression of miR-146a (transfection of cells with 
pre-miR-146a) suppressed the invasive capacity of 
pancreatic cancer cells through down-regulation of 
EGFR, IRAK-1, and MTA-2 [70]. Further experiments 

showed that treatment of pancreatic cancer cells with 
isoflavone could induce the expression of miR-146a 
and consequently inhibited the expression of EGFR, 
IRAK-1, and NF-κB, leading to reduced invasion of 
pancreatic cancer cells [70]. These findings suggest the 
anti-cancer activity of miR-146a; however, a contro-
versial report showed that the expression of miR-146a 
was up-regulated in PanIN, suggesting its role in 
promoting pancreatic carcinogenesis [72]. Further 
investigation on the expression levels of miR-146a in a 
large number of pancreatic cancers and PanIN are 
needed to delineate the role of miR-146a in pancreatic 
cancer development and progression. 

The role of miR-34 
A global miRNA microarray study has shown 

that the expression level of miR-34a was 
down-regulated in pancreatic cancer, and the de-
creased miR-34a expression was correlated with poor 
overall survival of pancreatic cancer patients [43]. The 
down-regulation of miR-34a could in part be due to 
epigenetic regulation because hypermethylation of 
miR-34a gene has been found in 64% of pancreatic 
cancer tissues [73]. Moreover, it was found that de-
methylating agent 5-Aza-2'-deoxycytidine and HDAC 
inhibitor Vorinostat (SAHA) treatment could lead to 
the re-expression of miR-34a in human pancreatic 
cancer stem cells and in human pancreatic cancer cell 
lines, leading to the inhibition of cell proliferation, cell 
cycle progression, self-renewal capacity, epitheli-
al-to-mesenchymal transition, and invasion [74]. 
These results clearly suggest that epigenetic regula-
tion contributes to the silencing of miR-34a expression 
in pancreatic cancer, and thus a novel demethylating 
agent could also function as a newer therapeutic drug 
for the treatment of pancreatic cancer. 

The miR-34a could target Bcl-2 and Notch sig-
naling (Figure 1). Enforced expression of miR-34 
(transfection of cells with pre-miR-34a) in pancreatic 
cancer cells significantly suppressed the expression of 
Bcl-2, Notch1, and Notch2, resulting in the suppres-
sion of cancer cell proliferation and invasion, the in-
duction of apoptosis and cell cycle arrest, and the 
sensitization of cancer cells to chemotherapeutics and 
radiation [75;76]. In addition, promoter assays also 
showed that the promoter activity of miR-34a gene 
was suppressed by the altered MAPK activity in 
pancreatic cancer cells [77]. 

 In addition, miR-34b could be another tumor 
suppressive miRNA which targets oncogenic Smad3 
in pancreatic cancer. In human pancreatic cancer, the 
level of miR-34b has been found to be significantly 
decreased and the decreased miR-34b expression has 
been found to be associated with lymph node metas-
tasis, cancer stage, and overall survival [78]. Enforced 
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expression of miR-34b (transfection of cells with 
pre-miR-34b) suppressed the progression of pancre-
atic cancer via inhibition of Smad3 [78], suggesting the 
anti-cancer role of miR-34b in pancreatic cancer. 

 In addition to the miRNAs described above, 
studies also reported that miR-1247 and miR-150 were 
significantly decreased in pancreatic cancer tissues 
[79;80]. Further studies showed that high expression 
of miR-1247 was associated with longer overall and 
recurrence free survival in pancreatic cancer patients 
[79] and that miR-150 inhibited the growth of pancre-
atic cancer through the suppression of its target 
MUC4 [80], suggesting the anti-cancer value of 
miR-1247 and miR-150 in pancreatic cancer.  

Targeting miRNA for treatment of pan-
creatic cancer 

 Since aberrant expressions of miRNAs are sig-
nificantly correlated with the development and pro-
gression of pancreatic cancer, reversing the altered 
miRNAs may become a hopeful strategy for the pre-
vention and treatment of pancreatic cancer. Recently, 
growing evidences have demonstrated that miRNA 
delivery, miRNA and anti-cancer drug co-delivery, or 
treatment with natural agents that regulate the ex-
pression of miRNAs could modulate cellular signal 
transduction, leading to suppression of pancreatic 
carcinogenesis and cancer progression. These have 
been summarized in the diagram as presented in 
Figure 2. 

The knowledge on miRNAs delivery or miRNA 
and anti-cancer drug co-delivery 

Recently, nanoparticle delivery of synthetic tu-
mor suppressive miRNAs or synthetic oligonucleo-
tides which target oncogenic miRNAs have been in-
vestigated for the suppression of pancreatic cancer 
(Figure 2). It is known that miR-150 is a tumor sup-
pressive miRNA in pancreatic cancer, and thus a na-
noparticle-based delivery system for miR-150 
(miR-150-NF) was synthesized and tested for its 
therapeutic efficacy [81]. The miR-150-NF showed 
high encapsulation efficiency and demonstrated con-
stant release profile, and it also showed efficient in-
tracellular delivery. Moreover, miR-150-NF treatment 
inhibited cell proliferation, clonogenicity, and inva-
sion of pancreatic cancer through the reduction of 
MUC4, one of the targets of miR-150, suggesting that 
nanoformulation could be a safe and effective nano-
vector delivery system for miRNA delivery in the 
treatment of pancreatic cancer [81]. 

The miR-34a is another tumor suppressive 
miRNAs in pancreatic cancer cells as discussed pre-
viously. The miR-34a with tumor-targeting and pen-
etrating bi-functional peptide have been synthesized 

and it has been reported to be useful for treatment of 
pancreatic cancer [82]. The miR-34a nanocomplexes 
significantly suppressed the growth of pancreatic 
tumor and increased apoptotic cell death via the 
down-regulation of E2F3, Bcl-2, c-myc and cyclin D1, 
suggesting the potential use of miR-34a nanocom-
plexes in pancreatic cancer therapy [82]. In addition, 
combined delivery of miR-34a and miR-143/145 
nanovectors has been shown to suppress the prolifer-
ation of pancreatic cancer cells and induce apoptosis 
via the down-regulation of SIRT1, CD44, aldehyde 
dehydrogenase, K-ras, and RREB1 [83]. 

 

 
Figure 2: Targeting miRNAs for the inhibition of development and pro-
gression of pancreatic cancer. 

 
Since miR-21 and miR-221 are both significantly 

up-regulated in pancreatic cancer, miRNA-21 and 
miRNA-221 antisense oligonucleotides (ASOs) were 
co-administrated to treat pancreatic cancer. The re-
sults showed that the administration of the combina-
tion of anti-miR-21 ASO and anti-miR-221 ASO sig-
nificantly reduced the primary tumor growth and 
metastasis compared to single ASO treatment [84]. 
The expression of miR-17-5p is also up-regulated in 
pancreatic cancer. It has been found that the admin-
istration of miR-17-5p inhibitor suppressed cancer cell 
proliferation, increased apoptosis, induced caspase-3 
activation, and enhanced chemosensitivity to gem-
citabine through the up-regulation of Bim expression, 
suggesting that targeting miR-17-5p could also be a 
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novel approach to decrease the chemoresistance in the 
treatment of pancreatic cancer [85]. 

Recently, co-delivery of formulated miRNA and 
anti-cancer drug to treat pancreatic cancer has been 
investigated. Since both let-7b and hedgehog (Hh) 
inhibitor GDC-0449 could inhibit the growth of pan-
creatic cancer, the let-7b and GDC-0449 were 
co-formulated into micelles [86]. Both GDC-0449 and 
let-7b were stable and released into cells with high 
uptake efficiency and low systemic cytotoxicity. Im-
portantly, this co-formulation of let-7b and GDC-0449 
effectively inhibited the growth of pancreatic tumor in 
mice with decreased tumor cell proliferation and in-
creased apoptosis [86]. In addition, it is known that 
the anti-cancer activity of gemcitabine in the treat-
ment of pancreatic cancer could be reduced due to the 
development of gemcitabine-resistance because of the 
dysregulation in the expression of miR-205 and others 
as discussed above. To overcome the resistance, gem-
citabine conjugated cationic copolymers for 
co-delivery of miR-205 was designed and synthesized. 
It was shown that the combination formulation effec-
tively reversed gemcitabine-resistance and inhibited 
invasion of gemcitabine resistant MiaPaCa-2-R and 
Capan-1-R pancreatic cancer cells [87]. Animal studies 
also showed that the combination formulation signif-
icantly inhibited tumor growth with increased apop-
tosis [87]. 

All the results described above suggest that 
miRNA delivery or miRNA and anti-cancer drug 
co-delivery could be novel, efficient and safe ap-
proaches for the treatment of pancreatic cancer alt-
hough further in-depth studies are warranted. 

Targeting miRNA by natural agents 
Several natural agents including isoflavone, 

curcumin, 3,3'-diindolylmethane (DIM), and others 
have been investigated for their effects on the regula-
tion of miRNAs as summarized in Figure 2. Isofla-
vones are rich in soybean and reported to have an-
ti-cancer activity [70;88-91]. Studies showed that in 
pancreatic cancer cells isoflavone could alter the ex-
pression of miRNAs and normalize the levels of sev-
eral miRNAs. The regulation of miRNA by isoflavone 
could be mediated by DNA demethylation and his-
tone modification [92;93]. Isoflavone genistein de-
creased the level of miR-27a and suppressed cancer 
cell proliferation and invasion in pancreatic cancer 
[94]. Isoflavone also increased the expression of 
miR-146a, and thereby inhibited invasion of pancre-
atic cancer via the down-regulation of EGFR, NF-κB, 
IRAK-1, and MTA-2 [70]. Moreover, isoflavone could 
also increase the level of miR-200 in gemcita-
bine-resistant pancreatic cancer cells, resulting in the 
inhibition of the expression of EMT markers including 

ZEB1 and vimentin, and causing sensitization of 
pancreatic cancer cells to gemcitabine [90]. Further-
more, isoflavone genistein treatment up-regulated the 
expression of miR-34a and, subsequently, decreased 
the expression of Notch-1, resulting in the suppres-
sion of tumor growth and induction of apoptotic 
death of pancreatic cancer cells [95]. In addition, the 
treatment of pancreatic cancer cells with isoflavone 
could inhibit the expression of miR-221 and increase 
the expression of PTEN, p27kip1, p57kip2, and PUMA, 
resulting in the suppression of cell proliferation and 
migration of pancreatic cancer cells [64]. These studies 
clearly suggest the favorable effects of isoflavone in 
deregulation of miRNAs in pancreatic cancer; how-
ever, further pre-clinical and proof-of-concept clinical 
studies are warranted. 

 Curcumin is mainly obtained from turmeric 
[96;97] and possesses antioxidant, anti-inflammatory, 
and anti-cancer activity [97-99]. Curcumin 
up-regulated the expression of miR-22 and 
down-regulated the expression of SP1 transcription 
factor and estrogen receptor [100], two of the targets 
of miR-22, resulting in the suppression of growth of 
pancreatic cancer. Because of the low bioavailability 
of curcumin in vivo, curcumin analog CDF was de-
signed and synthesized. It has been found that CDF 
with greater bioavailability than curcumin induced 
the expression level of miR-101 and decreased the 
level of EZH2, one of the targets of miR-101. CDF also 
induced the expression of let-7 family, miR-146a, and 
miR-200 family, resulting in inhibition of cell growth, 
sphere formation, and invasion of pancreatic cancer 
cells [101]. Moreover, CDF inhibited growth and mi-
gration of pancreatic cancer via the suppression of 
miR-221 and subsequent up-regulation of PTEN, 
p27kip1, p57kip2, and PUMA [64]. In addition, treatment 
of pancreatic cancer cells with CDF caused 
re-expression of miR-146a and down-regulation of 
EGFR, ERK1, ERK2, and K-Ras expression, suggesting 
the important role of CDF in miR-146a regulated ex-
pression of EGFR, ras, ERK and associated signaling 
[102]. 

 3,3'-diindolylmethane (DIM) is the in vivo 
self-dimerized product of indole-3-carbinol which is 
derived from cruciferous vegetables [103;104]. DIM 
has shown its anti-cancer activities [70;90;105-107]. In 
gemcitabine-resistant pancreatic cancer, DIM in-
creased the levels of miR-200 family, let-7 family, and 
miR-146a, resulting in the reversal of EMT, inhibition 
of invasion, and induction of sensitivity to gemcita-
bine through the inhibition of EGFR, MTA-2, IRAK-1, 
ZEB1, and NF-κB signaling [70;90]. Moreover, DIM 
also inhibited pancreatic cancer cell growth and mi-
gration via the down-regulation of miR-221 and sub-
sequent induction of PTEN, p27kip1, p57kip2, and 
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PUMA [64]. These findings demonstrate the role of 
DIM in the regulation of miRNAs, suggesting that 
DIM could be useful in the therapy of pancreatic 
cancer, and thus further in-depth studies are war-
ranted. 

 In addition, many other natural agents such as 
rosemary and resveratrol also exerted their effects on 
the regulation of miRNAs. Resveratrol is mainly pre-
sent in grapes. It was found that resveratrol inhibited 
pancreatic cancer cell growth via the down-regulation 
of miR-21 and Bcl-2 expression [108]. Rosemary 
(Rosmarinus officinalis L.) extracts could up-regulate 
the metabolic-related gene GCNT3 and 
down-regulate its potential epigenetic modulator 
miR-15b, which could be the mechanism underlying 
the anti-cancer activity of rosemary [109]. Brucein D is 
a naturally occurring compound extracted from 
Brucea javanica fruit. Brucein D has shown its an-
ti-cancer activity against pancreatic cancer. It was also 
found that Brucein D regulated the expression of 
miR-95 and CUG triplet repeat RNA-binding protein 
2 which is one of the targets of miR-95 [110]. All these 
findings demonstrate the abilities of natural agents in 
the regulation of miRNAs, suggesting that regulation 
of miRNAs by natural agents together with conven-
tional anti-cancer therapeutics could become a new 
approach for overcoming drug resistance in order to 
achieve better treatment outcome of pancreatic cancer 
patients. 

Conclusion and perspectives 
 In conclusion, growing body of evidences has 

shown that the aberrant expressions of miRNAs sig-
nificantly contribute to the development and pro-
gression of pancreatic cancer. The aberrant expression 
of miRNAs with the aberration in cellular signal 
transduction is the molecular basis of pancreatic car-
cinogenesis and cancer progression. The altered 
miRNA expression profiles of serum and cancer tis-
sues from patients with pancreatic cancer are signifi-
cantly correlated with the diagnosis, grades, and 
prognosis of pancreatic cancer. Thus, targeting the 
altered miRNAs by novel approaches could become 
promising strategies for prevention of tumor pro-
gression and also for the treatment of pancreatic can-
cer. Recently, treatment with natural agents for the 
modulation of miRNAs or nanoparticle deliveries of 
synthetic tumor suppressive miRNAs or synthetic 
oligonucleotides which target oncogenic miRNAs 
have been conducted as a proof-of-concept for pan-
creatic cancer treatment. The pre-clinical in vitro and 
in vivo studies have demonstrated that the nanoparti-
cle delivery of synthetic oligonucleotides or treatment 
with natural agents such as isoflavone, curcumin, 
DIM, and others may be useful to up-regulate tumor 

suppressive miRNAs and down-regulate oncogenic 
miRNAs, which would likely cause suppression of 
development and progression of pancreatic cancer. In 
summary, therefore, targeting miRNAs with novel 
approaches combined with conventional anti-cancer 
therapeutics could become promising strategies for 
overcoming drug resistance and achieving better 
treatment outcome in pancreatic cancer patients. 
However, further in-depth pre-clinical and clinical 
studies are warranted for realizing the benefit of 
miRNA targeted therapeutics in pancreatic cancer. 

Acknowledgements 
The authors’ work cited in this review article was 

funded by grants from the National Cancer Institute, 
NIH (R01CA108535, R01CA154321, and R01CA164318 
awarded to FHS). We also thank Puschelberg founda-
tion for their generous contribution. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin. 2015; 

65: 5-29. 
2.  Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, Matrisian 

LM. Projecting cancer incidence and deaths to 2030: the unexpected burden of 
thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014; 74: 
2913-21. 

3.  Czito BG, Willett CG, Clark JW, Fernandez Del CC. Current perspectives on 
locally advanced pancreatic cancer. Oncology (Williston Park). 2000; 14: 
1535-45. 

4.  Freelove R, Walling AD. Pancreatic cancer: diagnosis and management. Am 
Fam Physician. 2006; 73: 485-92. 

5.  Thorban S, Roder JD, Siewert JR. Detection of micrometastasis in bone marrow 
of pancreatic cancer patients. Ann Oncol. 1999; 10 Suppl 4: 111-3. 

6.  Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J, Moore M et al. 
Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. 
N Engl J Med. 2013; 369: 1691-703. 

7.  Conroy T, Desseigne F, Ychou M, Bouche O, Guimbaud R, Becouarn Y et al. 
FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N Engl J 
Med. 2011; 364: 1817-25. 

8.  Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are 
conserved targets of microRNAs. Genome Res. 2009; 19: 92-105. 

9.  Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by 
adenosines, indicates that thousands of human genes are microRNA targets. 
Cell. 2005; 120: 15-20. 

10.  Winter J, Jung S, Keller S, Gregory RI, Diederichs S. Many roads to maturity: 
microRNA biogenesis pathways and their regulation. Nat Cell Biol. 2009; 11: 
228-34. 

11.  Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA 
biogenesis, function and decay. Nat Rev Genet. 2010; 11: 597-610. 

12.  Zhao L, Bode AM, Cao Y, Dong Z. Regulatory mechanisms and clinical 
perspectives of miRNA in tumor radiosensitivity. Carcinogenesis. 2012; 33: 
2220-7. 

13.  Manikandan J, Aarthi JJ, Kumar SD, Pushparaj PN. Oncomirs: the potential 
role of non-coding microRNAs in understanding cancer. Bioinformation. 2008; 
2: 330-4. 

14.  Iorio MV, Croce CM. MicroRNAs in cancer: small molecules with a huge 
impact. J Clin Oncol. 2009; 27: 5848-56. 

15.  Cutts RJ, Gadaleta E, Hahn SA, Crnogorac-Jurcevic T, Lemoine NR, Chelala C. 
The Pancreatic Expression database: 2011 update. Nucleic Acids Res. 2011; 39: 
D1023-D1028. 

16.  Munding JB, Adai AT, Maghnouj A, Urbanik A, Zollner H, Liffers ST et al. 
Global microRNA expression profiling of microdissected tissues identifies 
miR-135b as a novel biomarker for pancreatic ductal adenocarcinoma. Int J 
Cancer. 2012; 131: E86-E95. 

17.  Zhang Y, Li M, Wang H, Fisher WE, Lin PH, Yao Q et al. Profiling of 95 
microRNAs in pancreatic cancer cell lines and surgical specimens by real-time 
PCR analysis. World J Surg. 2009; 33: 698-709. 



Int. J. Biol. Sci. 2016, Vol. 12 
 

 
http://www.ijbs.com 

336 

18.  Liu J, Gao J, Du Y, Li Z, Ren Y, Gu J et al. Combination of plasma microRNAs 
with serum CA19-9 for early detection of pancreatic cancer. Int J Cancer. 2012; 
131: 683-91. 

19.  Wang WS, Liu LX, Li GP, Chen Y, Li CY, Jin DY et al. Combined serum 
CA19-9 and miR-27a-3p in peripheral blood mononuclear cells to diagnose 
pancreatic cancer. Cancer Prev Res (Phila). 2013; 6: 331-8. 

20.  Gao L, He SB, Li DC. Effects of miR-16 plus CA19-9 detections on pancreatic 
cancer diagnostic performance. Clin Lab. 2014; 60: 73-7. 

21.  Schultz NA, Dehlendorff C, Jensen BV, Bjerregaard JK, Nielsen KR, Bojesen SE 
et al. MicroRNA biomarkers in whole blood for detection of pancreatic cancer. 
JAMA. 2014; 311: 392-404. 

22.  Li A, Yu J, Kim H, Wolfgang CL, Canto MI, Hruban RH et al. MicroRNA array 
analysis finds elevated serum miR-1290 accurately distinguishes patients with 
low-stage pancreatic cancer from healthy and disease controls. Clin Cancer 
Res. 2013; 19: 3600-10. 

23.  Kojima M, Sudo H, Kawauchi J, Takizawa S, Kondou S, Nobumasa H et al. 
MicroRNA Markers for the Diagnosis of Pancreatic and Biliary-Tract Cancers. 
PLoS One. 2015; 10: e0118220. 

24.  Liu R, Chen X, Du Y, Yao W, Shen L, Wang C et al. Serum microRNA 
expression profile as a biomarker in the diagnosis and prognosis of pancreatic 
cancer. Clin Chem. 2012; 58: 610-8. 

25.  Slater EP, Strauch K, Rospleszcz S, Ramaswamy A, Esposito I, Kloppel G et al. 
MicroRNA-196a and -196b as Potential Biomarkers for the Early Detection of 
Familial Pancreatic Cancer. Transl Oncol. 2014; 7: 464-71. 

26.  Madhavan B, Yue S, Galli U, Rana S, Gross W, Muller M et al. Combined 
evaluation of a panel of protein and miRNA serum-exosome biomarkers for 
pancreatic cancer diagnosis increases sensitivity and specificity. Int J Cancer. 
2015; 136: 2616-27. 

27.  Kong X, Du Y, Wang G, Gao J, Gong Y, Li L et al. Detection of differentially 
expressed microRNAs in serum of pancreatic ductal adenocarcinoma patients: 
miR-196a could be a potential marker for poor prognosis. Dig Dis Sci. 2011; 56: 
602-9. 

28.  Wang J, Chen J, Chang P, LeBlanc A, Li D, Abbruzzesse JL et al. MicroRNAs in 
plasma of pancreatic ductal adenocarcinoma patients as novel blood-based 
biomarkers of disease. Cancer Prev Res (Phila). 2009; 2: 807-13. 

29.  Abue M, Yokoyama M, Shibuya R, Tamai K, Yamaguchi K, Sato I et al. 
Circulating miR-483-3p and miR-21 is highly expressed in plasma of 
pancreatic cancer. Int J Oncol. 2015; 46: 539-47. 

30.  Wang P, Zhuang L, Zhang J, Fan J, Luo J, Chen H et al. The serum miR-21 level 
serves as a predictor for the chemosensitivity of advanced pancreatic cancer, 
and miR-21 expression confers chemoresistance by targeting FasL. Mol Oncol. 
2013; 7: 334-45. 

31.  Song WF, Wang L, Huang WY, Cai X, Cui JJ, Wang LW. MiR-21 upregulation 
induced by promoter zone histone acetylation is associated with 
chemoresistance to gemcitabine and enhanced malignancy of pancreatic 
cancer cells. Asian Pac J Cancer Prev. 2013; 14: 7529-36. 

32.  Morimura R, Komatsu S, Ichikawa D, Takeshita H, Tsujiura M, Nagata H et al. 
Novel diagnostic value of circulating miR-18a in plasma of patients with 
pancreatic cancer. Br J Cancer. 2011; 105: 1733-40. 

33.  Kawaguchi T, Komatsu S, Ichikawa D, Morimura R, Tsujiura M, Konishi H et 
al. Clinical impact of circulating miR-221 in plasma of patients with pancreatic 
cancer. Br J Cancer. 2013; 108: 361-9. 

34.  Komatsu S, Ichikawa D, Takeshita H, Morimura R, Hirajima S, Tsujiura M et 
al. Circulating miR-18a: a sensitive cancer screening biomarker in human 
cancer. In Vivo. 2014; 28: 293-7. 

35.  Komatsu S, Ichikawa D, Miyamae M, Kawaguchi T, Moriumura R, Hirajima S 
et al. Malignant potential in pancreatic neoplasm; new insights provided by 
circulating miR-223 in plasma. Expert Opin Biol Ther. 2015; 1-13. 

36.  Lin MS, Chen WC, Huang JX, Gao HJ, Sheng HH. Aberrant expression of 
microRNAs in serum may identify individuals with pancreatic cancer. Int J 
Clin Exp Med. 2014; 7: 5226-34. 

37.  Zhang J, Zhao CY, Zhang SH, Yu DH, Chen Y, Liu QH et al. Upregulation of 
miR-194 contributes to tumor growth and progression in pancreatic ductal 
adenocarcinoma. Oncol Rep. 2014; 31: 1157-64. 

38.  Hong TH, Park IY. MicroRNA expression profiling of diagnostic needle 
aspirates from surgical pancreatic cancer specimens. Ann Surg Treat Res. 2014; 
87: 290-7. 

39.  Lubezky N, Loewenstein S, Ben-Haim M, Brazowski E, Marmor S, 
Pasmanik-Chor M et al. MicroRNA expression signatures in intraductal 
papillary mucinous neoplasm of the pancreas. Surgery. 2013; 153: 663-72. 

40.  Schultz NA, Werner J, Willenbrock H, Roslind A, Giese N, Horn T et al. 
MicroRNA expression profiles associated with pancreatic adenocarcinoma 
and ampullary adenocarcinoma. Mod Pathol. 2012; 25: 1609-22. 

41.  Papaconstantinou IG, Manta A, Gazouli M, Lyberopoulou A, Lykoudis PM, 
Polymeneas G et al. Expression of microRNAs in patients with pancreatic 
cancer and its prognostic significance. Pancreas. 2013; 42: 67-71. 

42.  Jiao LR, Frampton AE, Jacob J, Pellegrino L, Krell J, Giamas G et al. 
MicroRNAs targeting oncogenes are down-regulated in pancreatic malignant 
transformation from benign tumors. PLoS One. 2012; 7: e32068. 

43.  Jamieson NB, Morran DC, Morton JP, Ali A, Dickson EJ, Carter CR et al. 
MicroRNA molecular profiles associated with diagnosis, clinicopathologic 
criteria, and overall survival in patients with resectable pancreatic ductal 
adenocarcinoma. Clin Cancer Res. 2012; 18: 534-45. 

44.  Permuth-Wey J, Chen YA, Fisher K, McCarthy S, Qu X, Lloyd MC et al. A 
genome-wide investigation of microRNA expression identifies 

biologically-meaningful microRNAs that distinguish between high-risk and 
low-risk intraductal papillary mucinous neoplasms of the pancreas. PLoS One. 
2015; 10: e0116869. 

45.  Dillhoff M, Liu J, Frankel W, Croce C, Bloomston M. MicroRNA-21 is 
overexpressed in pancreatic cancer and a potential predictor of survival. J 
Gastrointest Surg. 2008; 12: 2171-6. 

46.  Moriyama T, Ohuchida K, Mizumoto K, Yu J, Sato N, Nabae T et al. 
MicroRNA-21 modulates biological functions of pancreatic cancer cells 
including their proliferation, invasion, and chemoresistance. Mol Cancer Ther. 
2009; 8: 1067-74. 

47.  du Rieu MC, Torrisani J, Selves J, Al ST, Souque A, Dufresne M et al. 
MicroRNA-21 is induced early in pancreatic ductal adenocarcinoma precursor 
lesions. Clin Chem. 2010; 56: 603-12. 

48.  Giovannetti E, Funel N, Peters GJ, Del CM, Erozenci LA, Vasile E et al. 
MicroRNA-21 in pancreatic cancer: correlation with clinical outcome and 
pharmacologic aspects underlying its role in the modulation of gemcitabine 
activity. Cancer Res. 2010; 70: 4528-38. 

49.  Hwang JH, Voortman J, Giovannetti E, Steinberg SM, Leon LG, Kim YT et al. 
Identification of microRNA-21 as a biomarker for chemoresistance and clinical 
outcome following adjuvant therapy in resectable pancreatic cancer. PLoS 
One. 2010; 5: e10630. 

50.  Bhatti I, Lee A, James V, Hall RI, Lund JN, Tufarelli C et al. Knockdown of 
microRNA-21 inhibits proliferation and increases cell death by targeting 
programmed cell death 4 (PDCD4) in pancreatic ductal adenocarcinoma. J 
Gastrointest Surg. 2011; 15: 199-208. 

51.  Nagao Y, Hisaoka M, Matsuyama A, Kanemitsu S, Hamada T, Fukuyama T et 
al. Association of microRNA-21 expression with its targets, PDCD4 and 
TIMP3, in pancreatic ductal adenocarcinoma. Mod Pathol. 2012; 25: 112-21. 

52.  Ali S, Ahmad A, Banerjee S, Padhye S, Dominiak K, Schaffert JM et al. 
Gemcitabine sensitivity can be induced in pancreatic cancer cells through 
modulation of miR-200 and miR-21 expression by curcumin or its analogue 
CDF. Cancer Res. 2010; 70: 3606-17. 

53.  Bao B, Ali S, Kong D, Sarkar SH, Wang Z, Banerjee S et al. Anti-tumor activity 
of a novel compound-CDF is mediated by regulating miR-21, miR-200, and 
PTEN in pancreatic cancer. PLoS One. 2011; 6: e17850. 

54.  Park JK, Lee EJ, Esau C, Schmittgen TD. Antisense inhibition of microRNA-21 
or -221 arrests cell cycle, induces apoptosis, and sensitizes the effects of 
gemcitabine in pancreatic adenocarcinoma. Pancreas. 2009; 38: e190-e199. 

55.  Kadera BE, Li L, Toste PA, Wu N, Adams C, Dawson DW et al. MicroRNA-21 
in pancreatic ductal adenocarcinoma tumor-associated fibroblasts promotes 
metastasis. PLoS One. 2013; 8: e71978. 

56.  Ryu JK, Hong SM, Karikari CA, Hruban RH, Goggins MG, Maitra A. Aberrant 
MicroRNA-155 expression is an early event in the multistep progression of 
pancreatic adenocarcinoma. Pancreatology. 2010; 10: 66-73. 

57.  Greither T, Grochola LF, Udelnow A, Lautenschlager C, Wurl P, Taubert H. 
Elevated expression of microRNAs 155, 203, 210 and 222 in pancreatic tumors 
is associated with poorer survival. Int J Cancer. 2010; 126: 73-80. 

58.  Huang C, Li H, Wu W, Jiang T, Qiu Z. Regulation of miR-155 affects pancreatic 
cancer cell invasiveness and migration by modulating the STAT3 signaling 
pathway through SOCS1. Oncol Rep. 2013; 30: 1223-30. 

59.  Liu WJ, Zhao YP, Zhang TP, Zhou L, Cui QC, Zhou WX et al. MLH1 as a direct 
target of MiR-155 and a potential predictor of favorable prognosis in 
pancreatic cancer. J Gastrointest Surg. 2013; 17: 1399-405. 

60.  Ali S, Banerjee S, Logna F, Bao B, Philip PA, Korc M et al. Inactivation of 
Ink4a/Arf leads to deregulated expression of miRNAs in K-Ras transgenic 
mouse model of pancreatic cancer. J Cell Physiol. 2012; 227: 3373-80. 

61.  Lee EJ, Gusev Y, Jiang J, Nuovo GJ, Lerner MR, Frankel WL et al. Expression 
profiling identifies microRNA signature in pancreatic cancer. Int J Cancer. 
2007; 120: 1046-54. 

62.  Panarelli NC, Chen YT, Zhou XK, Kitabayashi N, Yantiss RK. MicroRNA 
expression aids the preoperative diagnosis of pancreatic ductal 
adenocarcinoma. Pancreas. 2012; 41: 685-90. 

63.  Farrell JJ, Toste P, Wu N, Li L, Wong J, Malkhassian D et al. Endoscopically 
acquired pancreatic cyst fluid microRNA 21 and 221 are associated with 
invasive cancer. Am J Gastroenterol. 2013; 108: 1352-9. 

64.  Sarkar S, Dubaybo H, Ali S, Goncalves P, Kollepara SL, Sethi S et al. 
Down-regulation of miR-221 inhibits proliferation of pancreatic cancer cells 
through up-regulation of PTEN, p27(kip1), p57(kip2), and PUMA. Am J 
Cancer Res. 2013; 3: 465-77. 

65.  Masamune A, Nakano E, Hamada S, Takikawa T, Yoshida N, Shimosegawa T. 
Alteration of the microRNA expression profile during the activation of 
pancreatic stellate cells. Scand J Gastroenterol. 2014; 49: 323-31. 

66.  Kent OA, Chivukula RR, Mullendore M, Wentzel EA, Feldmann G, Lee KH et 
al. Repression of the miR-143/145 cluster by oncogenic Ras initiates a 
tumor-promoting feed-forward pathway. Genes Dev. 2010; 24: 2754-9. 

67.  Chakraborty C, George Priya DC, Bandyopadhyay S. miRNAs in insulin 
resistance and diabetes-associated pancreatic cancer: the 'minute and miracle' 
molecule moving as a monitor in the 'genomic galaxy'. Curr Drug Targets. 
2013; 14: 1110-7. 

68.  Sureban SM, May R, Qu D, Weygant N, Chandrakesan P, Ali N et al. DCLK1 
regulates pluripotency and angiogenic factors via microRNA-dependent 
mechanisms in pancreatic cancer. PLoS One. 2013; 8: e73940. 

69.  Huang TC, Renuse S, Pinto S, Kumar P, Yang Y, Chaerkady R et al. 
Identification of miR-145 targets through an integrated omics analysis. Mol 
Biosyst. 2015; 11: 197-207. 



Int. J. Biol. Sci. 2016, Vol. 12 
 

 
http://www.ijbs.com 

337 

70.  Li Y, VandenBoom TG, Wang Z, Kong D, Ali S, Philip PA et al. miR-146a 
suppresses invasion of pancreatic cancer cells. Cancer Res. 2010; 70: 1486-95. 

71.  Ali S, Almhanna K, Chen W, Philip PA, Sarkar FH. Differentially expressed 
miRNAs in the plasma may provide a molecular signature for aggressive 
pancreatic cancer. Am J Transl Res. 2010; 3: 28-47. 

72.  Yu J, Li A, Hong SM, Hruban RH, Goggins M. MicroRNA alterations of 
pancreatic intraepithelial neoplasias. Clin Cancer Res. 2012; 18: 981-92. 

73.  Vogt M, Munding J, Gruner M, Liffers ST, Verdoodt B, Hauk J et al. Frequent 
concomitant inactivation of miR-34a and miR-34b/c by CpG methylation in 
colorectal, pancreatic, mammary, ovarian, urothelial, and renal cell 
carcinomas and soft tissue sarcomas. Virchows Arch. 2011; 458: 313-22. 

74.  Nalls D, Tang SN, Rodova M, Srivastava RK, Shankar S. Targeting epigenetic 
regulation of miR-34a for treatment of pancreatic cancer by inhibition of 
pancreatic cancer stem cells. PLoS One. 2011; 6: e24099. 

75.  Ji Q, Hao X, Zhang M, Tang W, Yang M, Li L et al. MicroRNA miR-34 inhibits 
human pancreatic cancer tumor-initiating cells. PLoS One. 2009; 4: e6816. 

76.  Kent OA, Mullendore M, Wentzel EA, Lopez-Romero P, Tan AC, Alvarez H et 
al. A resource for analysis of microRNA expression and function in pancreatic 
ductal adenocarcinoma cells. Cancer Biol Ther. 2009; 8: 2013-24. 

77.  Ikeda Y, Tanji E, Makino N, Kawata S, Furukawa T. MicroRNAs associated 
with mitogen-activated protein kinase in human pancreatic cancer. Mol 
Cancer Res. 2012; 10: 259-69. 

78.  Liu C, Cheng H, Shi S, Cui X, Yang J, Chen L et al. MicroRNA-34b inhibits 
pancreatic cancer metastasis through repressing Smad3. Curr Mol Med. 2013; 
13: 467-78. 

79.  Shi S, Lu Y, Qin Y, Li W, Cheng H, Xu Y et al. miR-1247 is correlated with 
prognosis of pancreatic cancer and inhibits cell proliferation by targeting 
neuropilins. Curr Mol Med. 2014; 14: 316-27. 

80.  Srivastava SK, Bhardwaj A, Singh S, Arora S, Wang B, Grizzle WE et al. 
MicroRNA-150 directly targets MUC4 and suppresses growth and malignant 
behavior of pancreatic cancer cells. Carcinogenesis. 2011; 32: 1832-9. 

81.  Arora S, Swaminathan SK, Kirtane A, Srivastava SK, Bhardwaj A, Singh S et al. 
Synthesis, characterization, and evaluation of poly 
(D,L-lactide-co-glycolide)-based nanoformulation of miRNA-150: potential 
implications for pancreatic cancer therapy. Int J Nanomedicine. 2014; 9: 
2933-42. 

82.  Hu QL, Jiang QY, Jin X, Shen J, Wang K, Li YB et al. Cationic 
microRNA-delivering nanovectors with bifunctional peptides for efficient 
treatment of PANC-1 xenograft model. Biomaterials. 2013; 34: 2265-76. 

83.  Pramanik D, Campbell NR, Karikari C, Chivukula R, Kent OA, Mendell JT et 
al. Restitution of tumor suppressor microRNAs using a systemic nanovector 
inhibits pancreatic cancer growth in mice. Mol Cancer Ther. 2011; 10: 1470-80. 

84.  Zhao Y, Zhao L, Ischenko I, Bao Q, Schwarz B, Niess H et al. Antisense 
inhibition of microRNA-21 and microRNA-221 in tumor-initiating stem-like 
cells modulates tumorigenesis, metastasis, and chemotherapy resistance in 
pancreatic cancer. Target Oncol. 2015. 

85.  Yan HJ, Liu WS, Sun WH, Wu J, Ji M, Wang Q et al. miR-17-5p inhibitor 
enhances chemosensitivity to gemcitabine via upregulating Bim expression in 
pancreatic cancer cells. Dig Dis Sci. 2012; 57: 3160-7. 

86.  Kumar V, Mondal G, Slavik P, Rachagani S, Batra SK, Mahato RI. Codelivery 
of Small Molecule Hedgehog Inhibitor and miRNA for Treating Pancreatic 
Cancer. Mol Pharm. 2015. 

87.  Mittal A, Chitkara D, Behrman SW, Mahato RI. Efficacy of gemcitabine 
conjugated and miRNA-205 complexed micelles for treatment of advanced 
pancreatic cancer. Biomaterials. 2014; 35: 7077-87. 

88.  Messina MJ. Legumes and soybeans: overview of their nutritional profiles and 
health effects. Am J Clin Nutr. 1999; 70: 439S-50S. 

89.  Messina MJ, Persky V, Setchell KD, Barnes S. Soy intake and cancer risk: a 
review of the in vitro and in vivo data. Nutr Cancer. 1994; 21: 113-31. 

90.  Li Y, VandenBoom TG, Kong D, Wang Z, Ali S, Philip PA et al. Up-regulation 
of miR-200 and let-7 by natural agents leads to the reversal of 
epithelial-to-mesenchymal transition in gemcitabine-resistant pancreatic 
cancer cells. Cancer Res. 2009; 69: 6704-12. 

91.  Li Y, Go VL, Sarkar FH. The Role of Nutraceuticals in Pancreatic Cancer 
Prevention and Therapy: Targeting Cellular Signaling, MicroRNAs, and 
Epigenome. Pancreas. 2015; 44: 1-10. 

92.  Hardy TM, Tollefsbol TO. Epigenetic diet: impact on the epigenome and 
cancer. Epigenomics. 2011; 3: 503-18. 

93.  Zhang Y, Chen H. Genistein, an epigenome modifier during cancer 
prevention. Epigenetics. 2011; 6: 888-91. 

94.  Xia J, Cheng L, Mei C, Ma J, Shi Y, Zeng F et al. Genistein inhibits cell growth 
and invasion through regulation of miR-27a in pancreatic cancer cells. Curr 
Pharm Des. 2014; 20: 5348-53. 

95.  Xia J, Duan Q, Ahmad A, Bao B, Banerjee S, Shi Y et al. Genistein inhibits cell 
growth and induces apoptosis through up-regulation of miR-34a in pancreatic 
cancer cells. Curr Drug Targets. 2012; 13: 1750-6. 

96.  Recio MC, Andujar I, Rios JL. Anti-inflammatory agents from plants: progress 
and potential. Curr Med Chem. 2012; 19: 2088-103. 

97.  Krishnaswamy K. Traditional Indian spices and their health significance. Asia 
Pac J Clin Nutr. 2008; 17 Suppl 1: 265-8. 

98.  Prasad S, Gupta SC, Tyagi AK, Aggarwal BB. Curcumin, a component of 
golden spice: from bedside to bench and back. Biotechnol Adv. 2014; 32: 
1053-64. 

99.  Park W, Amin AR, Chen ZG, Shin DM. New perspectives of curcumin in 
cancer prevention. Cancer Prev Res (Phila). 2013; 6: 387-400. 

100.  Sun M, Estrov Z, Ji Y, Coombes KR, Harris DH, Kurzrock R. Curcumin 
(diferuloylmethane) alters the expression profiles of microRNAs in human 
pancreatic cancer cells. Mol Cancer Ther. 2008; 7: 464-73. 

101.  Bao B, Ali S, Banerjee S, Wang Z, Logna F, Azmi AS et al. Curcumin analogue 
CDF inhibits pancreatic tumor growth by switching on suppressor 
microRNAs and attenuating EZH2 expression. Cancer Res. 2012; 72: 335-45. 

102.  Ali S, Ahmad A, Aboukameel A, Ahmed A, Bao B, Banerjee S et al. 
Deregulation of miR-146a expression in a mouse model of pancreatic cancer 
affecting EGFR signaling. Cancer Lett. 2014; 351: 134-42. 

103.  Minich DM, Bland JS. A review of the clinical efficacy and safety of cruciferous 
vegetable phytochemicals. Nutr Rev. 2007; 65: 259-67. 

104.  Higdon JV, Delage B, Williams DE, Dashwood RH. Cruciferous vegetables 
and human cancer risk: epidemiologic evidence and mechanistic basis. 
Pharmacol Res. 2007; 55: 224-36. 

105.  Firestone GL, Sundar SN. Minireview: modulation of hormone receptor 
signaling by dietary anticancer indoles. Mol Endocrinol. 2009; 23: 1940-7. 

106.  Acharya A, Das I, Singh S, Saha T. Chemopreventive properties of 
indole-3-carbinol, diindolylmethane and other constituents of cardamom 
against carcinogenesis. Recent Pat Food Nutr Agric. 2010; 2: 166-77. 

107.  Li Y, VandenBoom TG, Wang Z, Kong D, Ali S, Philip PA et al. Up-regulation 
of miR-146a contributes to the inhibition of invasion of pancreatic cancer cells. 
Cancer Res. 2010; 70: 5703. 

108.  Liu P, Liang H, Xia Q, Li P, Kong H, Lei P et al. Resveratrol induces apoptosis 
of pancreatic cancers cells by inhibiting miR-21 regulation of BCL-2 
expression. Clin Transl Oncol. 2013; 15: 741-6. 

109.  Gonzalez-Vallinas M, Molina S, Vicente G, Zarza V, Martin-Hernandez R, 
Garcia-Risco MR et al. Expression of microRNA-15b and the 
glycosyltransferase GCNT3 correlates with antitumor efficacy of Rosemary 
diterpenes in colon and pancreatic cancer. PLoS One. 2014; 9: e98556. 

110.  Xiao Z, Ching CS, Han LC, Chun TS, Tsui SK, Lin Z et al. Role of microRNA-95 
in the anticancer activity of Brucein D in hepatocellular carcinoma. Eur J 
Pharmacol. 2014; 728: 141-50. 


