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Abstract
Background/Aims: Pancreatic cancer (PC) is an aggressive malignancy with a poor survival 

development of chemoresistance. Here, we examined the role of microRNA-29c (miR-29c) 
and the involvement of autophagy and apoptosis in the chemoresistance of PC cells in vivo 
and in vitro. Methods:
examine the expression level of miR-29c, USP22 and autophagy relative protein. In addition, 
we used MTT assay to detect cell proliferation and transwell assay to measure migration and 
invasiveness. The apoptosis was determined using annexin V-FITC/PI apoptosis detection kit 

miR-29c. Results: miR-29c overexpression in the PC cell line PANC-1 enhanced the effect of 
gemcitabine on decreasing cell viability and inducing apoptosis and inhibited autophagy, as 

knockdown experiments indicated that USP22 suppresses gemcitabine-induced apoptosis 
by promoting autophagy, thereby increasing the chemoresistance of PC cells. Luciferase 

demonstrated that miR-29c increases the chemosensitivity of PC in vivo by downregulating 
USP22, leading to the inhibition of autophagy and induction of apoptosis. Conclusions: Taken 

PC cells mediated by the regulation of USP22-mediated autophagy by miR-29c, suggesting 
potential targets and therapeutic strategies in PC.
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Introduction

Pancreatic cancer (PC) is an aggressive malignancy and the fourth leading cause 
of cancer-related death in Western countries [1]. The 5-year survival rate of PC is 
approximately 7%; the high mortality of PC is mainly associated with the high potential of 
pancreatic cancer cells for invasion and metastasis and the fact that approximately 80% 
of patients have metastatic disease at diagnosis [2-4]. In the early stages, PC is treated by 
surgical resection and adjuvant chemotherapy [5, 6]. In patients with advanced PC, although 
several chemotherapy combinations are currently in clinical trials, gemcitabine remains 

anticancer drugs [7, 8]. However, most patients develop chemoresistance, which remains an 
important limitation in the treatment of this disease. Chemoresistance is a multifactorial and 
complex process, and several mechanism of resistance to gemcitabine have been proposed. 
Nevertheless, improving our understanding of the pathways involved is an important step 
towards identifying effective therapies.

MicroRNAs (miRNAs) are a group of evolutionarily conserved small noncoding RNA 

 [9]. 
miRNAs can function as tumor suppressors or oncogenes according to their target mRNAs, 
and deregulation of miRNA expression is associated with many pathologies including cancer 

200c, miR-375, miR-10b, miR-181b, miR-196a, miR-21, and miR-29c [15-20]. Silencing or 
downregulation of miR-29c has been reported in many cancers including hepatocellular 
carcinoma, nasopharyngeal cancer, glioma, gastric cancer, bladder cancer, and colorectal 
cancer [21-26]. However, miR-29c is overexpressed in osteosarcoma [21].

the regulation of several cellular processes, including growth, differentiation, cell cycle 
progression, transcriptional activation, and signal transduction [27, 28]. Alterations in 

marker of metastasis and poor prognosis in cancer 

in PC 
autophagosome, a double-membrane-bound vacuole that engulfs cellular material targeted 
for degradation and fuses with the lysosome, leading to the degradation of its contents 
[36]. Beclin-1, an interacting partner of the antiapoptotic protein Bcl-2, is an autophagy-
related protein that plays a role in the formation of autophagosomes, which also involves the 
cytosolic form of microtubule-associated protein 1 light chain 3 (LC3-I). LC3-I is conjugated 
to phosphatidylethanolamine to generate LC3-II, which is recruited to the autophagosomal 
membrane and degraded after the fusion of autophagosomes to lysosomes [37]; therefore, 
the LC3-II/LC3-I ratio is a measure of autophagic activity. Autophagy promotes cancer cell 

of cancer cells [38, 39].
In the present study we examined the role of miR-2

of PC cells in vitro and in vivo and explored the underlying mechanisms. Our results indicated 
that miR-29c increased the chemosensitivity of PC by inducing apoptosis and inhibiting 

mediated autophagy, decreasing the chemoresistance of PC in vitro and in vivo. These results 

potential of PC cells.
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Materials and Methods

Ethics statement

Nude mice (BALB/c-nu) were purchased from the SPF Laboratory Animal Center at Shanghai Research 

Center for Model Organisms. All animal procedures were in accordance with institutional guidelines and 

Cell culture, reagents and antibodies

The human pancreatic cancer cell line PANC-1 was purchased from the American Type Culture 

CA). Annexin V (AV) and propidium iodide (PI) were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, 

Measurement of cell viability

The growth or viability of cells was assessed with the MTT reagent (Sigma-Aldrich, M2003). Cells were 

seeded into 96-well plates at a density of 4 × 103 cells/well. After the indicated treatments, MTT was added 

EX).

Apoptosis detection

To measure the rate of apoptosis, PANC-1 cells in the different treatment groups were collected 

and washed with PBS. Apoptotic cells were differentiated from viable or necrotic cells by the combined 

application of Annexin V (AV)-FITC and propidium iodide (PI). Cells were washed twice and adjusted to 

a concentration of 1 × 106

experiment was performed at least in triplicate.

Autophagy assays

For assessment of the effect of miR-29c on autophagy, 1 × 105 PC cells transfected with the GFP-LC3B 

vector (Invitrogen) were plated in 12 well plates and grown at 37 

with 10 nM control or miR-29c mimics using DharmaFECT®1. At 24 h post-transfection, cells were 

pretreated with or without 0.1 mM rapamycin in complete media for 6 h and then exposed to gemcitabine 

(100 ng/ml) 

Soft agar assays

PANC-1 cells were plated at a density of 3 × 105 cells per well in 6 well plates and grown at 37 

h. Cells were then transfected with 20 nM mimic control or miR-29a mimic. PANC-1 cells transfected with 

control or miR-29a mimics were plated at a density of 1.5 × 103 cells per well in a 6 well plates containing 

0.5% top agarose and 1% bottom agarose (BioRad, 162-0137). After 20 days, colonies were stained with 

Western blot analysis

The harvested cells were lysed on ice for 30 min with lysis buffer (Cell Signaling Technology, 9803). 

Lysates were cleared by centrifugation at 14, 000 rpm for 10 min at 4 

measured using the Bradford assay (Bio-Rad Laboratories, 500–0006). For western blot analysis, cell lysates 

were boiled for 5 min with sample buffer and separated by SDS-polyacrylamide gel electrophoresis. The 

proteins were transferred to PVDF membranes (Millipore, IPVH00010), which were blocked with 5% skim 
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milk in TBST buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1 % Tween 20) for 1 hour and then stained 

each antibody was detected using an enhanced chemiluminescence kit (PerkinElmer, NEL105001EA). The 

Small interfering RNA (siRNA) transfection

USP22 (5'-GCAAGGCCAAGTCCTGTATCT-3') 

and negative control siRNA (5'-UUCUCCGAACGUGUCACGUTT-3') were purchased from RiboBio Co., Ltd. 

transfection with siRNAs (100 pmol per well) using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 

other experiment.

Luciferase reporter assay

library with the following primers:

CTCGAGCCTCTGCACCTGGGACCCATCGGGTCG

GCGGCCGC

CTCGAGCCTCTGCCACTGCCACCCTAGGCCTCG

GCGGCCGC

For luciferase assays, cells were cultured in 24-well plates and co-transfected with 50 ng of the 

was performed using Lipofectamine 2000 (Invitrogen). At 48 h post-transfection, relative luciferase activity 

Mouse xenograft model
6

into 4-week-old nude mice. Tumor volume was calculated with the formula V = 1/2a×b2 (a, the longest 

tumor axis; b, the shortest tumor axis). When the volume of tumors reached 300 mm3, the mice received 

RNA extraction and qRT-PCR

endogenous control 

 

method.

Statistical analysis

Continuous variables are presented as the mean ± standard deviation (SD). One-way ANOVA was 

carried out for multiple comparisons using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, 

Results

miR-29c promotes the chemosensitivity of PC by inhibiting autophagy
To examine the role of miR-29c in the chemoresistance of PC cells, Panc-1 cells were 

transfected with miR-29c overexpression vector or miR-29c-NC and treated with or without 

D
ow

nloaded from
 http://karger.com

/cpb/article-pdf/47/2/747/2452319/000490027.pdf by guest on 05 June 2024

http://dx.doi.org/10.1159%2F000490027


Cell Physiol Biochem 2018;47:747-758
DOI: 10.1159/000490027
Published online: May 28, 2018 751

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Huang et al.: Inhibition of USP22-Mediated Autophagy by MIR-29c Increases 
Chemosensitivity

gemcitabine. Mimic transfection resulted in an approximately 3.5-fold upregulation of miR-
29c compared with its expression in untransfected and negative controls (Fig. 1A). miR-29c 

colony formation (Fig. 1B–D). Flow cytometric analysis showed that miR-29c overexpression 

approximately two-fold increase in the rate of apoptosis compared with the NC control (Fig. 
1E and F). Western blot analysis showed that miR-29c mimic transfection enhanced the 
gemcitabine-induced upregulation of caspase-3, downregulation of Bcl-2, and upregulation 
of Bax, suggesting that miR-29c increased gemcitabine-induced apoptosis in Panc-1 cells (Fig. 
1L-O

western blotting, which showed that miR-29c reversed the gemcitabine-induced increase in 
the LC3-II/LC3-1 ratio, the upregulation of Beclin-1, and downregulation of P62, suggesting 
that miR-29c inhibited gemcitabine-induced autophagy (Fig. 1H-K). These effects occurred 

Fig. 1. miR-29c promotes the chemosen-

sitivity of pancreatic cancer (PC) cells by 

inhibiting autophagy activation in vitro. 

Panc-1 cells were transfected with miR-29c 

overexpression mimics vector or miR-29c-

NC for 48 h, followed by treatment with 

100 ng/ml gemcitabine for 24 h. (A) The 

expression of miR-29c was measured by 

mimics or miR-29c-NC. Data are presented 

as the mean ± SD. ***p<0.001 versus the 

control. (B) Cell viability was measured by 

MTT assay. Data are presented as the mean 

± SD. ***p<0.001 versus the control. ###p 

<0.001 versus gemcitabine-treatment con-

trol group. (C and D) Cell proliferation was 

examined by colony formation assay. Data 

are presented as the mean ± SD. ***p<0.001 

versus the control. ###p<0.001 versus gem-

citabine-treatment control group. (E and 

F) Apoptotic cells were detected using An-

nexin V-PI double staining. Data are pre-

sented as the mean ± SD. ***p<0.001 versus 

the control. ###p<0.001 versus gemcitabine-

treatment control group. (G) Representative 

LC3 in PC cells. (H-I) Western blot analysis 

of autophagy (H-K) and apoptosis (L-O) 

related proteins. Data are presented as the 

mean ± SD. ***p<0.001 versus the control. 
###p<0.001 versus gemcitabine-treatment 

control group. (P and Q) Western blot analy-

as the mean ± SD. **p<0.01, ***p<0.001 

versus the control. ###p<0.001 versus gem-

citabine-treatment control group.
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in response to miR-29c overexpression (Fig. 
1P and 1Q).

USP22 knockdown inhibits growth 
and promotes apoptosis by inducing 
autophagy
The mechanisms regulating autophagy 

and apoptosis in PC were examined by 

in PC tissue samples and suggested to play an oncogenic role [35]. Fig. 2A shows the 

and colony formation (Fig. 2C–E). Flow cytometric analysis showed that transfection with 

induced upregulation of caspase-3 and Bax and downregulation of Bcl-2, suggesting that 
M-P

the LC3-II/LC3-1 ratio, the upregulation of Beclin-1, and downregulation of P62, suggesting 
-L).

USP22 is a target of miR-29c

for c

3  fused to a luciferase reporter vector and transfected 
together with miR-29c mimics into

Fig. 2. -

motes apoptosis in PC cells by increasing autophagy 

activation. Panc-1 cells were transfected with siRNA 

100 ng/ml gemcitabine for 24 h. (A and B) The ex-

and western blotting (B). Data are presented as the 

mean ± SD. ***p<0.001 versus the control. (C) Cell 

viability was measured by the MTT assay. Data are 

presented as the mean ± SD. ***p<0.001 versus the 

control; ###p<0.01 versus gemcitabine-treatment con-

trol group. (D and E) Cell proliferation was examined 

by colony formation assay. Data are presented as the 

mean ± SD. ***p<0.001 versus the control; ###p<0.01 

versus gemcitabine-treatment control group. (F and 

G) Apoptotic cells were detected by Annexin V-PI 

double staining. (H) Representative images of im-

blot analysis of autophagy (I-L) and apoptosis (M-P) 

related proteins. Data are presented as the mean ± 

SD. *p<0.05, ***p<0.001 versus the control; ###p<0.01 

versus gemcitabine-treatment control group.
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miR-29c. A luciferase 
activity assay showed that 
miR-29c overexpression 
inhibited the activity of 
the wild-type but not that 

3 -
 (Fig. 3C). Western 

blot analysis showed that 
miR-29c overexpression 

expression in Panc-1 cells 
(Fig. 3D and 3E).

miR-29c promotes PC 
cell chemosensitivity by 
inducing of apoptosis 
via the inhibition of 
autophagy
To examine the 

mechanism underlying the 
effect of miR-29c on the 
chemosensitivity of PC cells 
and the involvement of 
autophagy, cells transfected 
with miR-29c mimics 
were pretreated with the 

Fig. 3.

relative luciferase activity was determined at 48 h after transfection. The data are presented as the mean 

transfected with miR-29c mimics or miR-NC. n=5. GAPDH expression levels were detected as an endogenous 

control. The data are presented as the mean ± SD. ***p<0.001 versus the control.

Fig. 4.  miR-29c induces apoptosis by inhibiting autophagy activation. 

Panc-1 cells transfected with miR-29c were pretreated with the au-

tophagy agonist rapamycin for 6 h, followed by exposure to 100 ng/ml 

gemcitabine for 24 h. (A and B) Apoptosis was examined by Annexin V-

presented as the mean ± SD. ***p<0.001 versus the control. ###p<0.01 

versus miR-29c overexpression group. (C) Representative images of im-
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autophagy inducer rapamycin before treatment with gemcitabine. Flow cytometric analysis 

promotes the chemosensitivity of PC cells by inhibiting autophagy and inducing apoptosis.

miR-29c targets USP22 and suppresses autophagy-mediated chemoresistance in a 
xenograft tumor model in vivo
The role of miR29c in the resistance of PC to gemcitabine was investigated in vivo in a 

xenograft mouse model established from miR-29c overexpressing or control cells followed 
by treatment with or without gemcitabine. Tumor growth was monitored for 4 weeks. The 
results showed that gemcitabine inhibited tumor growth and this effect was increased 

29c expression by 50%, whereas this effect was abolished by miR-29c mimic treatment, 
which upregulated miR-29c by approximately 3.5-fold, and miR-29c overexpression 

Fig. 5.

A xenograft mouse model established from miR-29c overexpressing or control cells. When the tumor vol-

ume reached 300 mm3, gemcitabine (GEM) was given intraperitoneally to mice at a dose of 50 mg/kg once a 

week for 4 weeks. (A) Growth curves showing xenograft tumor volumes measured once a week for 4 weeks. 

n=6. *p<0.05; ***p<0.001 versus control group; ###p<0.01 versus miR-29c overexpression group. (B) Photo-

n=6. Data are presented as the mean ± SD. ***p<0.001 versus control group; ###p<0.01 versus miR-29c over 

± SD. **p<0.01, ***p<0.001 versus control group; ###p<0.01 versus miR-29c over expression group. (F-M) 

Western blot analysis of autophagy (F-I) and apoptosis (J-M) related proteins. Data are presented as the 

mean ± SD. ***p<0.001 versus control group; ###p<0.01 versus miR-29c over expression group.
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-E). This occurred in 
parallel with a decrease in the LC3-II/LC3-1 ratio, the downregulation of Beclin-1, and the 
upregulation of p62, indicating the inhibition of autophagy (Fig. 5F-I). Western blot analysis 
of apoptosis related proteins showed that apoptosis was induced in miR-29c overexpressing 
tumors treated with gemcitabine, as indicated by the upregulation of caspase-3 and Bax and 
the downregulation of Bcl-2 (Fig. 5J-M). Taken together, these results indicated that miR-29c 

the inhibition of autophagy and induction of apoptosis.

Discussion

proliferation, and pancreatic cancer cells have the capacity to disrupt cellular homeostasis 
to promote malignant growth [40]. Autophagy, which plays an important role in cell 

increased autophagy and a dependence on autophagy for growth. In the present study, we 

leading to the inhibition of gemcitabine-induced apoptosis, and miR-29c has the opposite 

 

associated with tumor progression in several types of cancer 
leads to cell cycle arrest at the G0/G1 phase and decreased tumor growth, indicating that 

 

 

 

In the present study, miR-29c overexpression increased the effect of gemcitabine on 
inhibiting PC cell viability and colony formation and promoting apoptosis, indicating that miR-
29c increases the chemosensitivity of PC cells. miR-29c was previously shown to suppress 
invasion and metastasis in PC by downregulating the expression of matrix metalloprotease 
2 [47]. miR-29c is downregulated in PC tissues and cell lines, and its overexpression inhibits 
PC cell proliferation, migration and invasion by targeting the ITGB1 gene, which encodes 
the beta 1 integrin CD29 [48]. miR-29c downregulation increases the migration and stem 
cell-like phenotype of PC cells 
chemoresistance of PC cells and showed that miR-29c enhanced the effect of gemcitabine by 

miR-29c involves the modulation of autophagy.

downregulation decreases PC cell 
chemoresistance by suppressing autophagy and promoting apoptosis. The role of autophagy 
in cancer is complex, although evidence suggests that autophagy promotes cancer cell 
survival [49]. Activation of autophagy in PC is associated with poor survival, and inhibition 
of autophagy suppresses PC cell growth in vitro and tumor growth in vivo [50], supporting 
the notion that autophagy is necessary for PC progression. The present results showing 
that miR-29c suppresses the proliferation and promotes the chemosensitivity of pancreatic 
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Inhibition of autophagy was shown to increase the anti-tumor effect of gemcitabine in PC 
cells [51]. The role of autophagy in the resistance of tumor cells to gemcitabine was also 
demonstrated in other cancers. In lung cancer, autophagy contributes to chemoresistance 
by protecting cells from gemcitabine-induced apoptosis [52]. Similarly, in triple-negative 
breast cancer, autophagy protects cells from gemcitabine-induced apoptosis, and inhibition 
of autophagy promotes apoptosis [53]. These studies support the present results showing 

the present study, we elucidated a potential mechanism underlying PC chemoresistance by 

in vivo in a xenograft mouse model in which miR-29c increased 
the effect of gemcitabine on decreasing tumor growth by inhibiting autophagy and inducing 
apoptosis.

In conclusion, a series of gain and loss of function experiments showed that miR-
29c promotes chemosensitivity in PC by inhibiting autophagy. We showed that miR-29c 

in vitro and in vivo. These results 

chemoresistance of PC cells.
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