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Abstract

Background/Aims: Pancreatic cancer (PC) is an aggressive malignancy with a poor survival
rate. Despite advances in the treatment of PC, the efficacy of therapy is limited by the
development of chemoresistance. Here, we examined the role of microRNA-29¢ (miR-29c¢)
and the involvement of autophagy and apoptosis in the chemoresistance of PC cells in vivo
and in vitro. Methods: We employed gRT-PCR, western blot and immunofluorescence to
examine the expression level of miR-29¢, 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
by flow cytometry. Luciferase reporter assays confirmed the relationship between USP22 and
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
shown by western blotting, immunofluorescence staining, colony formation assays, and flow
cytometry. Ubiquitin specific peptidase (USP)-22, a deubiquitinating enzyme known to induce
autophagy and promote PC cell survival, was identified as a direct target of miR-29c. USP22
knockdown experiments indicated that USP22 suppresses gemcitabine-induced apoptosis
by promoting autophagy, thereby increasing the chemoresistance of PC cells. Luciferase
reporter assays confirmed that USP22 is a direct target of miR-29c. A xenograft mouse model
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
together, these findings reveal a potential mechanism underlying the chemoresistance of
PC cells mediated by the regulation of USP22-mediated autophagy by miR-29¢, 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
the first line therapy, and PC cells show higher susceptibility to gemcitabine than to other
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
molecules that negatively modulate gene expression by binding to the 3" untranslated region
(3'-UTR) of target mRNAs leading to mRNA degradation or suppression of translation [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
[10-14]. Several miRNAs have been identified that are associated with PC, including miR-
200¢, miR-375, miR-10b, miR-181b, miR-196a, miR-21, and miR-29c [15-20]. Silencing or
downregulation of miR-29¢ 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].

Ubiquitin-specific protease 22 (USP22) is a deubiquitinating enzyme involved in
the regulation of several cellular processes, including growth, differentiation, cell cycle
progression, transcriptional activation, and signal transduction [27, 28]. Alterations in
USP22 expression are associated with poor prognosis in patients with invasive breast cancer,
colorectal cancer, and papillary thyroid carcinoma, and USP22 is therefore considered as a
marker of metastasis and poor prognosis in cancer [29-34]. USP22 was shown to induce
autophagy and promote the survival of Panc-1 cells, suggesting an oncogenic role of USP22
in PC [35]. Autophagy is a self-degradation process characterized by the formation of the
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 LC3-1I, which is recruited to the autophagosomal
membrane and degraded after the fusion of autophagosomes to lysosomes [37]; therefore,
the LC3-1I/LC3-I ratio is a measure of autophagic activity. Autophagy promotes cancer cell
survival under specific conditions, and inhibition of autophagy increases the chemosensitivity
of cancer cells [38, 39].

In the present study we examined the role of miR-29c and USP22 in the chemoresistance
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
autophagy. USP22 knockdown inhibited cell proliferation and promoted apoptosis by
inducing autophagy. We showed that miR-29¢ downregulated USP22 and inhibited USP22-
mediated autophagy, decreasing the chemoresistance of PC in vitro and in vivo. These results
indicate that the overexpression of USP22 may promote autophagy and the oncogenic
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
experiments were performed under approval from the Animal Care Committee of the Guizhou Province
People’s Hospital (Guizhou, China).

Cell culture, reagents and antibodies

The human pancreatic cancer cell line PANC-1 was purchased from the American Type Culture
Collection (ATCC; Danvers, MA, USA). The cell lines were maintained in RPMI 1640 (Hyclone, SH30027.02)
with 10% fetal bovine serum (Invitrogen Carlsbad, CA, USA). Anti-USP22, Beclin-1, caspase-3, Bcl-2, Bax,
LC3, P62, and GAPDH antibodies were purchased from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz,
CA). Annexin V (AV) and propidium iodide (PI) were purchased from Sigma (Sigma-Aldrich, St. Louis, MO,
USA).

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 x 103 cells/well. After the indicated treatments, MTT was added
to each well (final concentration of 0.5 mg/mL) followed by incubation at 37°C for 4 h. The supernatant was
removed, and DMSO was added to dissolve the blue-purple formazan crystals. The optical density of the
samples was measured at a wavelength of 540 nm using a spectrophotometer (Thermo Scientific, Multiskan
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 x 10° cells/mL with cold D-Hanks buffer. Then, AV-FITC (10 pL) and PI (10 uL) were
added to 100 pL of cell suspension and incubated for 15 min at room temperature in the dark. Finally, 400
uL of binding buffer was added to each sample without washing and analyzed by flow cytometry. Each
experiment was performed at least in triplicate.

Autophagy assays

For assessment of the effect of miR-29¢ on autophagy, 1 x 10° PC cells transfected with the GFP-LC3B
vector (Invitrogen) were plated in 12 well plates and grown at 37 °C for 24 h. Cells were then transfected
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) for 24 h. Subsequently, total proteins were harvested and subjected to western blotting or
immunofluorescence analysis.

Soft agar assays

PANC-1 cells were plated at a density of 3 x 10° cells per well in 6 well plates and grown at 37 °C for 24
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 x 10° 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
crystal violet and positive colonies were counted under low power bright field microscopy.

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 °C. Protein concentration was
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 NacCl, 0.1 % Tween 20) for 1 hour and then stained
with primary antibodies at 4°C overnight followed by incubation with secondary antibodies. The binding of
each antibody was detected using an enhanced chemiluminescence kit (PerkinElmer, NEL105001EA). The
signals were detected by X-ray films (Fuji, 47410 08399) or a UV transilluminator (UVP Ltd., BioSpectrum™
500 Imaging System) and analyzed by the Gel-Pro Analyzer 4.0 software (Media Cybernetics).

Small interfering RNA (siRNA) transfection

Control siRNA and siRNA specifically targeted against USP22 (5-GCAAGGCCAAGTCCTGTATCT-3')
and negative control siRNA (5-UUCUCCGAACGUGUCACGUTT-3') were purchased from RiboBio Co., Ltd.
(Guangzhou, China). Cells were plated in 6-well plates and grown to 80% confluence before transient
transfection with siRNAs (100 pmol per well) using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific), according to the manufacturer's instructions. After 48 h of transfection, cells were collected for
other experiment.

Luciferase reporter assay

To construct luciferase reporter vectors, the 3'-UTR of USP22 containing the predicted potential miR-
29c binding sites was amplified by PCR and subcloned downstream of the luciferase gene into the PYr-
MirTarget luciferase vector (Ambion, Inc., Austin, TX, USA). The 3'-UTR of USP22 was amplified from a cDNA
library with the following primers:

forward: 5'-CTCGAGCCTCTGCACCTGGGACCCATCGGGTCGGG-3' and reverse:
5'-GCGGCCGCCCGAGTGCTGGGGAACGCC-3". The mutant 3'-UTR of USP22 (in which nine nucleotides were
mutated in the binding sites) was amplified using the following primer sequences:

forward: 5'-CTCGAGCCTCTGCCACTGCCACCCTAGGCCTCGGG-3' and reverse:
5'-GCGGCCGCCCGAGTGCTGGGGAACGCC-3'.

For luciferase assays, cells were cultured in 24-well plates and co-transfected with 50 ng of the
corresponding vectors containing firefly luciferase together with 25 ng of miR-29c¢ or control. Transfection
was performed using Lipofectamine 2000 (Invitrogen). At 48 h post-transfection, relative luciferase activity
was calculated by normalizing the Firefly luminescence to the Renilla luminescence using a Dual-Luciferase
Reporter Assay (Promega, Madison, WI, USA) according to the manufacturer’s instructions.

Mouse xenograft model

Equal numbers of cells (2 x 10° cells) were resuspended in 100 pL of PBS and subcutaneously injected
into 4-week-old nude mice. Tumor volume was calculated with the formula V = 1/2axb? (a, the longest
tumor axis; b, the shortest tumor axis). When the volume of tumors reached 300 mm?, the mice received
equal volumes of gemcitabine (50 mg/kg) or vehicle (PBS) via intraperitoneal injections once a week for 4
weeks. At the study end point, all mice were sacrificed and tumors were excised.

RNA extraction and qRT-PCR

Total RNA was extracted from tissues or cells using the Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. Total RNA was eluted with RNase-free water and stored at -80°C. RNA
concentrations were determined by Epoch spectrophotometry. Quantification of mature miR-29¢ and
endogenous control U6 snRNA was performed using TagMan assays 000409 and 001006 with the supplied
assay-specific RT primers (Applied Biosystems, Foster City, CA, USA). Data were analyzed using the 244¢
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,
CA, USA). P-values <0.05 indicate a statistically significant difference.

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-29¢-NC and treated with or without
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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
overexpression significantly increased the effect of gemcitabine on inhibiting cell growth and
colony formation (Fig. 1B-D). Flow cytometric analysis showed that miR-29c overexpression
significantly increased the effect of gemcitabine on inducing apoptosis, resulting in an
approximately two-fold increase in the rate of apoptosis compared with the NC control (Fig.
1E and F). Western blot analysis showed that miR-29¢ 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-0). Immunofluorescence staining for LC3 showed that miR-29c overexpression abolished
the gemcitabine-induced formation of autophagosomes (Fig. 1G). This was confirmed by
western blotting, which showed that miR-29c reversed the gemcitabine-induced increase in
the LC3-1I/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
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USP22 is a target of miR-29c

To determine whether USP22 is a target of miR-29c¢, the miRanda algorithm was searched
for complementary sequences between miR-29¢ and the 3'-UTR of USP22. The sequence
alignmentand identification of complementary sequences are shown in Fig. 3A. The wild-type
andmutantUSP22 3'-UTR sequences were fused toaluciferase reportervectorand transfected
together with miR-29¢c mimics into HEK293T cells to confirm that USP22 is the target of
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relative luciferase activity was determined at 48 h after transfection. The data are presented as the mean
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miR-29c. A luciferase
activity assay showed that
miR-29¢c  overexpression

inhibited the activity of
the wild-type but not that
of the mutant USP22 3'-
UTR (Fig. 3C). Western
blot analysis showed that
miR-29¢c  overexpression
downregulated USpP22
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-29¢  mimics
were pretreated with the
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Fig. 4. miR-29c induces apoptosis by inhibiting autophagy activation.
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gemcitabine for 24 h. (A and B) Apoptosis was examined by Annexin V-
FITC and flow cytometry and the apoptotic rate was calculated. Data are
presented as the mean * SD. ***p<0.001 versus the control. ##p<0.01
versus miR-29c¢ overexpression group. (C) Representative images of im-
munofluorescence staining for LC3.
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autophagy inducer rapamycin before treatment with gemcitabine. Flow cytometric analysis
showed that rapamycin significantly inhibited miR-29c induced apoptosis (Fig. 4A and B)
and abolished miR-29¢ mediated inhibition of autophagy (Fig. 4C), confirming that miR-29c
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
significantly by miR-29c overexpression (Fig. 5A and B). Gemcitabine downregulated miR-
29c expression by 50%, whereas this effect was abolished by miR-29¢ mimic treatment,
which upregulated miR-29c by approximately 3.5-fold, and miR-29c overexpression

A c £
o g s
E 2500 &
3 2000 ) g GEM+
Tt control GEM GEM+miR-92c 2 control GEM miR-29¢
£ : s
2 1000 - F W
«
e E control GEM GEM+
miR-29¢
E s Gz Hz
E, 4 GEM+ E :5' E 5 sk
= A = o 44 B -
N ' £ 5
O == a5
e - 2 P
= 1 g =~ ] =~ #it#h
5 - F21 5!
2] et o
z 0 i g 0 z 0 o
control control mimics _ control control mimics control control mimics
gemcitabine gemcntabme gemcitabine
) = K3 L3
B z : [
z 15 GEM+ z & & 5 o
- = =
£74 #oog
EEN £ 2, $%3
- a2 o 2 fEE]
£Tos 28,
2 ko g 1
=z 0.0 - ~ 0 z 0
control control mimics control control mimics control control mimics
gemcitabine “gemcitabine gemcitabine
M
2
=
s ~
£8
) -
»E 3%k
=
g 00 paan
control control mimics
gemcitabine

Fig. 5. miR-29c targets USP22 and suppresses autophagy-mediated chemoresistance in a xenograft model.
A xenograft mouse model established from miR-29¢ overexpressing or control cells. When the tumor vol-
ume reached 300 mm?3, 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-
graphs of tumor tissues in the different groups on day 30. (C) miR-29c expression was detected by qRt-PCR.
n=6. Data are presented as the mean * SD. ***p<0.001 versus control group; *#p<0.01 versus miR-29c over
expression group. (D and E) Western blot analysis of USP22 expression. Data are presented as the mean
+ 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-1) 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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markedly downregulated USP22 protein expression in mice (Fig. 5C-E). This occurred in
parallel with a decrease in the LC3-1I/LC3-1 ratio, the downregulation of Beclin-1, and the
upregulation of p62, indicating the inhibition of autophagy (Fig. 5F-1). Western blot analysis
of apoptosis related proteins showed that apoptosis was induced in miR-29¢ overexpressing
tumors treated with gemcitabine, as indicated by the upregulation of caspase-3 and Bax and
the downregulation of Bcl-2 (Fig. 5]-M). Taken together, these results indicated that miR-29c
increases the chemosensitivity of PC xenograft tumors by downregulating USP22, leading to
the inhibition of autophagy and induction of apoptosis.

Discussion

The maintenance of homeostasis requires a balance between apoptosis and cell
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
homeostasis, can promote or suppress tumorigenesis, and PC cells are characterized by
increased autophagy and a dependence on autophagy for growth. In the present study, we
show that USP22 plays a role in the chemoresistance of PC cells by inducing autophagy,
leading to the inhibition of gemcitabine-induced apoptosis, and miR-29c has the opposite
effects, promoting chemosensitivity by downregulating USP22.

Deubiquitinating enzymes (DUBs) play important roles in cell homeostasis, and
deregulation of DUBs is associated with cancer through the modulation of p53, Wnt, EGFR,
and NF-kB pathways, affecting cell cycle progression and apoptosis [41]. USP22 is a highly
conserved DUB that functions in the regulation of the cell cycle, and its overexpression is
associated with tumor progression in several types of cancer [42, 43]. USP22 knockdown
leads to cell cycle arrest at the GO/G1 phase and decreased tumor growth, indicating that
USP22 plays an oncogenic role [32, 44, 45]. Although USP22 is considered a potential target
for cancer therapy, the regulation of its expression has not been elucidated in detail. USP22
protein levels are increased by c-Myc, whereas the USP22 substrate SIRT1 deacetylates
USP22 and inactivates it [32, 45, 46]. USP22 activity is also regulated by acetylation on lysine
129 as well as other post-transcriptional modifications such as phosphorylation by cyclin-
dependent kinase 1, which activates USP22 [41]. Here, we showed that USP22 is a direct
target of miR-29c, which downregulates USP22 expression in PC.

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 [20]. We specifically investigated the role of miR-29c in the
chemoresistance of PC cells and showed that miR-29c enhanced the effect of gemcitabine by
suppressing gemcitabine-induced autophagy, suggesting that the chemosensitizing effect of
miR-29c involves the modulation of autophagy.

Because the effect of miR-29¢ occurred in parallel with the downregulation of USP22,
we investigated the involvement of the miR-29¢/USP22 axis on the chemosensitivity of PC
cells. USP22 silencing experiments indicated that downregulation of USP22 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
cancer cells by targeting USP22-mediated autophagy were consistent with previous studies.
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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
that USP22 inhibits gemcitabine-induced apoptosis and increases PC chemoresistance. In
the present study, we elucidated a potential mechanism underlying PC chemoresistance by
which miR-29cincreases PC chemosensitivity by targeting USP22 mediated autophagy. These
findings were confirmed 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-
29¢ promotes chemosensitivity in PC by inhibiting autophagy. We showed that miR-29¢
directly targets and downregulates USP22, increasing chemosensitivity by inhibiting
USP22-mediated autophagy and inducing apoptosis in vitro and in vivo. These results
elucidate a novel pathway of USP22 regulation and suggest a potential strategy to reduce the
chemoresistance of PC cells.
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