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Abstract. The natural compound curcumin has previously been 
reported to inhibit pancreatic cancer cell growth. However, 
the underlying molecular mechanisms underlying this effect 
remain unclear. Results from the present study demonstrate 
that the miR-340/X-linked inhibitor of apoptosis (XIAP) 
signaling pathway mediates curcumin-induced pancreatic 
cancer cell apoptosis. miR‑340 was identified to be signifi-
cantly upregulated following curcumin treatment. In addition, 
treatment with curcumin or miR-340 induced pancreatic 
cancer cell apoptosis, whereas silencing endogenous miR-340 
significantly inhibited the proapoptotic effect of curcumin. 
A luciferase reporter assay and western blot analysis identi-
fied that the oncogene XIAP is a direct target of miR‑340. 
Furthermore, curcumin treatment significantly reduced XIAP 
expression, an effect that was rescued by treatment with 
anti-miR-340. The results of the present study suggest that the 
miR-340/XIAP signaling pathway is a downstream target of 
curcumin that mediates its proapoptotic effects on pancreatic 
cancer cells. This may provide the basis for novel treatment 
strategies for patients with pancreatic cancer.

Introduction

Pancreatic cancer an aggressive malignancy that is one of the 
leading causes of cancer-associated mortality worldwide (1). 
Due to the lack of effective treatment for pancreatic adenocar-
cinoma, the prognosis of this cancer type is very poor (1,2). 
At present, the molecular mechanisms underlying pancreatic 
cancer remain unclear. Understanding how cancer-associated 
signaling molecules cooperate to regulate the pathogenesis 
of pancreatic cancer may aid in the development of novel 
treatments.

Curcumin is the primary active ingredient of the traditional 
Chinese medicinal plant Curcuma longa. Curcumin has been 
demonstrated to exert pleotropic beneficial functions, including 
antioxidative and anticancer effects (3-5). In addition, several 
previous studies have demonstrated that curcumin promotes 
apoptosis and inhibits the proliferation of pancreatic cancer 
cells (6-8). Previous studies have suggested that curcumin 
sensitizes drug-resistant cancer cells to chemotherapy, which 
indicates that curcumin may be effective in treating drug-resis-
tant pancreatic cancer (9-11). Several intracellular targets of 
curcumin have been identified (12,13); however, the molecular 
mechanism by which curcumin inhibits tumor growth remains 
unclear.

MicroRNAs (miRNAs/miRs) are a class of small 
non-coding RNAs that regulate gene expression and result 
in altered phenotypic changes in cancer cells. miRNAs have 
emerged as promising drug targets, and miRNA-based thera-
pies have been proposed in various cancer models (14,15). 
Several miRNAs have been revealed to serve key roles in the 
development and progression of pancreatic cancer (16-18). In 
addition, previous studies have demonstrated that miRNA 
signatures change following chemotherapy (19,20). Curcumin, 
a natural compound that exhibits low toxicity and yields strong 
antitumor effects, has been reported to significantly alter the 
miRNA expression profile in pancreatic cancers (21,22). This 
indicates that miRNAs may mediate the antitumor effects of 
curcumin.

In the present study, miR-340, a tumor-suppressive 
miRNA (23), was investigated as a potential miRNA associ-
ated with the antitumor effects of curcumin on pancreatic 
cancer cells. This investigation revealed that miR-340 expres-
sion was markedly induced by curcumin treatment. In addition, 
an antiapoptotic protein named X-linked inhibitor of apoptosis 
(XIAP) was functionally targeted by miR-340, which likely 
confers the proapoptotic effect of curcumin. Therefore, the 
present study demonstrates that the miR-340/XIAP signaling 
pathway is essential for curcumin-induced pancreatic cancer 
cell apoptosis and may provide clinical insights for treating 
pancreatic cancer using curcumin.

Materials and methods

Cell culture, drug treatment and transfection. The pancreatic 
adenocarcinoma cell line PANC-1 and human embryonic 
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kidney HEK293 cell line were purchased from the American 
Type Culture Collection (Manassas, VA, USA). Cells were 
cultured in Dulbecco's modified Eagle's medium (HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) supplemented 
with 10% fetal bovine serum (HyClone; GE Healthcare Life 
Sciences) in an incubator with 5% CO2 at 37˚C. Negative 
controls for miR-340 and miR-340 inhibitor (NC; scrambled 
miRNA, supplied in each miRNA set), miR-340 (catalog 
no. miR10004692-1-5) or an miR-340 inhibitor (catalog 
no. miR20004692-1-5; Guangzhou RiboBio, Co., Ltd., Guang-
zhou, China) were transfected into cells using Lipofectamine® 
2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) at a final concentration of 100 nM according to 
the manufacturer's protocol. To avoid bacterial contamination, 
100 U/ml penicillin and 100 µg/ml streptomycin were added 
to the culture media following transfection. Curcumin was 
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany) and applied to cells at 2.5, 5, 10 or 20 µM for 72 h. 
Cells were subjected to curcumin treatment 48 h following 
transfection.

Cell viability assay. Cell viability was measured using an 
MTT assay. PANC-1 cells were seeded into a 96-well plate at 
a concentration of 2.5x104 cells/ml/well. Following cell attach-
ment for 24 h, cells were treated with 2.5, 5, 10 or 20 µmol/l 
curcumin for 72 h, followed by incubation with 20 µl MTT 
(5 mg/ml) for 4 h. Dimethyl sulfoxide (200 µl) was then added 
to each well to visualize the living cells. The raw data were 
obtained by measuring the absorbance value of the wells at 
490 nm with a spectrophotometer.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Following curcumin treatment, the cells were 
homogenized with TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). A total of 0.2 ml chloroform was then used 
to separate the upper phase that contained total RNA. The 
RNA samples were precipitated using isopropyl alcohol and 
washed with 70% ethanol. All the RNA samples were resolved 
in nuclease free water (Promega Corporation, Madison, WI, 
USA). To quantify the level of miR-340, the RNA samples 
were reverse-transcribed using a stem-loop primer set for 
miR-340 (catalog no. miRQ0004692-1-1 Guangzhou RiboBio, 
Co., Ltd.). The internal control gene used was U6 (provided in 
the miR-340 set, catalog no. miRQ0004692-1-1). Each qPCR 
volume was 25 µl in total and the components were as follows: 
12.5 µl 2X SYBR Green mastermix (Promega Corporation, 
Madison, WI, USA), 7.5 µl nuclease-free water and 5 µl cDNA 
template. The thermocycling conditions for qPCR were as 
follows: 94˚C for 30 sec, 58˚C for 20 sec and 72˚C for 20 sec, 
for a total of 40 cycles. The fold change in miR-340 was calcu-
lated using the 2-ΔΔCq method (24).

Western blot analysis. Curcumin-treated cells were lysed 
using SDS lysis buffer supplemented with a protease inhibitor 
cocktail (Roche Diagnostics GmbH, Mannheim, Germany) 
and untreated cells were used as the control. The lysates were 
centrifuged at 12,000 x g for 15 min at 4˚C. The supernatants 
were collected and mixed with SDS-PAGE buffer prior to 
protein denaturation at 100˚C for 5 min prior to electropho-
resis. The proteins (30 µg/lane) were separated via SDS-PAGE 

(12% gel) and then transferred onto polyvinylidene difluoride 
membranes. Proteins of interest were probed with their respec-
tive primary antibodies overnight at 4˚C. Rabbit polyclonal 
antibodies for cleaved caspase-3 (dilution, 1:1,000; catalog 
no. 9661), poly(ADP-ribose) polymerase (PARP) (dilution, 
1:500; catalog no. 9542) and XIAP (dilution, 1:1,000; catalog 
no. 2042) were obtained from Cell Signaling Technology, Inc. 
(Danvers, MA, USA), and a mouse monoclonal antibody for 
β-actin (dilution, 1:2,000; catalog no. A5441) was purchased 
from Sigma-Aldrich (Merck KGaA). Horseradish peroxi-
dase-conjugated goat anti-rabbit (dilution, 1:5,000; catalog 
no. sc-2004) and goat anti-mouse (dilution, 1:5,000; catalog 
no. sc-2005) secondary antibodies (Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) were subsequently incubated at room 
temperature for 1 h and used according to the host species 
of the primary antibodies. Protein bands were detected using 
the BeyoECL Plus P0018 kit (Beyotime Institute of Biotech-
nology, Haimen, China), and band intensities were determined 
using ImageJ software (version 2.1.4.7; National Institutes of 
Health, Bethesda, MD, USA).

Luciferase activity assay. To construct the luciferase reporter, 
a 600 bp fragment of the XIAP 3'-untranslated region (UTR) 
that was extracted from the PANC1 cell line was amplified 
by PCR. Human cDNA, extracted from the PANC1 cell line, 
was used as a template and Pfu DNA polymerase (Promega 
Corporation) was used. The primers were as follows: Forward 
primer, 5'-TTC CTC AGC ATA ACA GAG TT-3'; reverse 
primer, 5'-CAG GCT GGC ATC ATA TAC T-3'. Subsequently, 
this was subcloned into the pmirGLO plasmid. The plasmid 
containing the XIAP 3'-UTR and a pRL-TK plasmid, in 
addition to miR-340, anti-miR-340 or the NC was transfected 
into HEK293 cells (2.5x104 cells/ml) that were seeded 1 day 
before transfection. Luciferase activity was tested 48 h 
after transfection. Cells were lysed, using lysis buffer (Dual 
Luciferase kit; Promega Corporation), and 20 µl supernatant 
was used for each reaction. A total of 75 µl firefly luciferase 
substrate was added to each mixture, mixed for 10 sec and 
the luciferase activity was determined. Subsequently, 75 µl 
Renilla luciferase substrate was added to each well and the 
activity was determined. Relative activity was determined 
as the ratio of firefly luciferase to Renilla luciferase using a 
GloMax®-Multi Detection System (Promega Corporation) 
according to the manufacturer's protocol. Experiments were 
performed in triplicate. All the reagents use in the luciferase 
activity were obtained from Promega Corporation (Madison, 
WI, USA).

Identification of downstream targets of miR‑340. To investi-
gate the mechanism of the proapoptotic effect of miR-340, the 
online miRanda database (www.microrna.org) was searched 
to identify downstream targets of miR-340. The miR-mRNA 
interaction was searched, using the criteria of mirSVR score 
<-0.2 and PhastCons score >0.5.

Statistical analysis. SPSS software (version 19.0; IBM Corp., 
Armonk, NY, USA) was used to perform statistical tests. All 
data are presented as the mean ± standard deviation. A one-way 
analysis of the variance and post hoc Student-Newman-Keuls 
test was used to test for statistically significant differences. 
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P<0.05 was considered to indicate a statistically significant 
significance.

Results

Curcumin induces the apoptosis of PANC‑1 cells. As curcumin 
has previously been reported to exert anti-proliferative actions 
on pancreatic cancer cells, the effect of various doses of 
curcumin on the pancreatic cancer cell line PANC-1 was 
examined. Cells were treated with curcumin for 72 h and the 
effect on cell viability was investigated using an MTT assay. 
PANC-1 cell viability was decreased in a dose-dependent 
manner by curcumin, with the decrease being significant in 
cells treated with 5, 10 or 20 µm curcumin compared with 
the control group (P<0.05; Fig. 1A). In addition, western blot 
analysis revealed that the expression of cleaved caspase-3, an 
apoptotic marker, was increased in a dose-dependent manner 
by curcumin, with this difference again being significant in 
cells treated with 5, 10 or 20 µm curcumin compared with 
the control group (P<0.05; Fig. 1B). Consistent with previous 
reports, these results indicated that curcumin induces the 
apoptosis of pancreatic cancer cells.

miR‑340 confers the proapoptotic effect of curcumin. To 
explore the potential molecular mechanism underlying 
the antitumor effect of curcumin, the effects of curcumin 
treatment on the level of miR-340, a previously character-
ized tumor-suppressive miRNA, was investigated. Notably, 
miR‑340 levels were significantly elevated following treatment 
with 5, 10 or 20 µM curcumin (P<0.05 vs. the control group; 
Fig. 2A). Overexpression of miR‑360 significantly increased 
caspase-3 cleavage compared with the NC group (P<0.05; 
Fig. 2B and C), and PARP, a substrate of caspase-3, was cleaved 
as a result (Fig. 2B and D). The cotreatment of PANC-1 cells 
with 10 µM curcumin and anti‑miR‑340 significantly inhibited 
caspase-3 and PARP cleavage (P<0.05 vs. curcumin treatment 
alone; Fig. 2B-D). These results suggest that miR-340 is a posi-
tive regulator of apoptosis and acts as a downstream effector of 
curcumin in pancreatic cancer cells.

XIAP is a target of miR‑340. To investigate the mechanism of 
the proapoptotic effect of miR-340, the online miRanda data-
base was searched to identify downstream targets of miR-340. 
The 3'-UTR of XIAP was analyzed and a potential incomplete 
base pair match with miR‑340 was identified (Fig. 3A). A lucif-
erase reporter assay revealed that overexpression of miR-340 
significantly reduced luciferase activity compared with the 
NC group (P<0.05), an effect that was partially rescued with 
anti-miR-340 (Fig. 3B). Consistent with this result, miR-340 
and anti-miR-340 exerted opposing effects on XIAP protein 
expression (Fig. 3C and D). These results indicate a direct 
association between miR-340 and XIAP.

Curcumin activates the miR‑340/XIAP signaling pathway. 
XIAP expression decreased in a dose-dependent manner 
following curcumin treatment, which was significant in cells 
treated with 10 or 20 µM curcumin compared with the control 
group (P<0.05; Fig. 4A and B). Similarly, miR-340 overexpres-
sion led to a significant decrease in XIAP expression compared 
with the NC group (P<0.05), whereas anti-miR-340 treatment 

rescued XIAP expression in the presence of 10 µM curcumin 
(Fig. 4C and D). These results indicate that the miR-340/XIAP 
signaling pathway serves a role in the curcumin-induced 
apoptosis of pancreatic cancer cells.

Discussion

Developing an effective treatment strategy for pancreatic 
cancer remains a significant challenge worldwide. It has been 
suggested that miRNAs could form the basis for novel cancer 
treatments; however, there are limited successful delivery 
methods for miRNAs and they exhibit relatively low bioavail-
ability. Curcumin has been demonstrated to alter the expression 
profile of a number of miRNAs in pancreatic cancer (22). Data 
from the present study confirmed that curcumin exerts an anti-
tumor effect on PANC-1 cells by inducing apoptotic cell death. 
Notably, miR-340 was significantly upregulated following 
curcumin treatment. Curcumin treatment significantly 
decreased XIAP expression; however, silencing endogenous 
miR-340 abrogated the proapoptotic effect of curcumin and 
increased XIAP expression, suggesting that the miR-340/XIAP 
signaling pathway is responsible for the proapoptotic effect 
of curcumin. To the best of our knowledge, the present study 
clarifies for the first time that the miR‑340/XIAP pathway is 
associated with the antitumor action of curcumin. These find-
ings may also aid in the development of targeted treatments for 
patients with pancreatic cancer.

Previous studies have demonstrated that miR-340 serves an 
antitumor role in several types of cancers (25-27). A number 
of mechanisms have been proposed to explain this effect. 
For example, a set of negative regulators of p27 have been 
demonstrated to be targeted by miR-340 in non-small cell 
lung cancer (NSCLC) (27). Notably, clinical data supports an 
inverse association between miR-340 and disease progression 
in patients with NSCLC (27). In addition, several oncogenic 
signaling pathways and associated proteins, including the 
Ras GTPase/RAF-proto-oncogene serine/threonine-protein 
kinase/mitogen-activated protein kinase 1 signaling pathway, 
Rho-associated protein kinase 1 and proto-oncogene c-Met 
are modulated by miR-340 (23,28,29), which suggests that 
miR-340 may function upstream of a series of positive regu-
lators of cancer cell survival. The results from the present 
study demonstrated a tumor suppressive role for miR-340 in 
pancreatic cancer, identified XIAP as a target of miR‑340 and 
identified a mechanism by which miR‑340 induces apoptosis.

Curcumin is a natural compound extracted from the plant 
C. longa. Despite the previously demonstrated antitumor 
activity of curcumin, the mechanism underlying this effect 
remains elusive. Epigenetic changes induced by curcumin may 
mediate its effects (30). Previous studies have revealed that the 
expression of a number of miRNAs is altered by curcumin. 
Ye et al (31) demonstrated that cellular tumor antigen p53 
(p53) is upregulated following curcumin treatment, and that 
the miR-192/XIAP signaling pathway is a downstream target 
of p53 that mediates the effects of curcumin treatment in 
NSCLC. Ma et al (21) demonstrated that miR-7 mediates the 
tumor suppressive effects of curcumin in pancreatic cancer 
cells. Similarly, the present study demonstrated that curcumin 
increases miR-340 expression in pancreatic cancer cells. The 
aforementioned studies by Ma et al (21) and Ye et al (31) 
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Figure 1. Curcumin induces apoptosis in PANC-1 cells. (A) Viability of PANC-1 cells following curcumin treatment relative to the Ctrl. (B) Western blot and 
quantification of C‑caspase‑3 expression following curcumin treatment. *P<0.05 vs. the Ctrl. n=5. C-, cleaved; Ctrl, control group.

Figure 2. miR-340 is required for the curcumin-induced apoptosis of PANC-1 cells. (A) Relative expression of miR-340 following curcumin treatment. 
(B) Expression of C-caspase-3 and C-PARP following treatment with 10 µM curcumin alone, curcumin and anti-miR-340, or miR-340. Relative expression 
of (C) C-caspase-3 and (D) C-PARP following treatment with 10 µM curcumin alone, 10 µM curcumin and anti-miR-340, or miR-340. *P<0.05 vs. the Ctrl; 
&P<0.05 vs. the NC group; #P<0.05 vs. the curcumin group. n=5. miR, microRNA; C-, cleaved; PARP, poly(ADP-ribose) polymerase; NC, negative control; 
Ctrl, control group.
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demonstrated increased p53 expression following curcumin 
treatment. The expression of a number of antitumor miRNAs 
is regulated by p53 (32). However, whether miR-340 is 
regulated by p53 remains unclear and requires further  
investigation.

Data from the present study indicated that XIAP is a target 
of miR-340. XIAP inhibits caspase activity and subsequently 
inhibits apoptosis (33); however, following curcumin treat-
ment, XIAP expression was identified to decrease as a result 
of increased miR-340 expression, resulting in the proapoptotic 

Figure 3. XIAP is a target of miR-340. (A) Schematic diagram of the putative binding site of miR-340 in the 3'-UTR of XIAP. (B) Relative luciferase 
activity following miR‑340 or anti‑miR‑340 treatment. Western blot (C) image and (D) quantification of XIAP expression in PANC‑1 cells following miR‑340 
and anti-miR-340 treatment. *P<0.05 vs. the NC group, #P<0.05 vs. miR-340. n=5. XIAP, X-linked inhibitor of apoptosis; UTR, untranslated region; miR, 
microRNA; NC, negative control.

Figure 4. Involvement of the miR‑340/XIAP signaling pathway in the curcumin‑induced apoptosis of PANC‑1 cells. Western blot (A) image and (B) quantifica-
tion of XIAP expression following curcumin treatment. Western blot (C) image and (D) quantification of XIAP expression following treatment with 10 µM 
curcumin alone, 10 µM curcumin and anti-miR-340, or miR-340. *P<0.05 vs. the Ctrl; #P<0.05 vs. the NC group; &P<0.05 vs. the curcumin group. n=5. miR, 
microRNA; XIAP, X-linked inhibitor of apoptosis; Ctrl, control; NC, negative control.
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effect of curcumin. XIAP expression has previously been 
associated with cancer development and progression (34). 
In addition, previous clinical studies have revealed that 
XIAP may function as a biomarker for various types of 
cancer (33,35-37). Data from the present study demonstrated 
that the miR-340/XIAP signaling pathway serves a role in 
curcumin-induced apoptosis, which suggests that modu-
lating this pathway may synergistically enhance the effect 
of curcumin. Notably, the results of the present study do not 
exclude the possibility of the involvement of other signaling 
pathways downstream of curcumin and miR-340. Due to the 
pleiotropic effects of natural compounds, other mechanisms 
may contribute to the pro-apoptotic effect of curcumin.

In conclusion, the data from the present study demonstrated 
that the miR-340/XIAP signaling pathway serves a role in the 
curcumin-induced apoptosis of pancreatic cancer cells. This 
suggests that administering the natural compound curcumin 
or modulating endogenous miR-340 expression may be effec-
tive treatment strategies for patients with pancreatic cancer.
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