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Background: Pancreatic cancer (PC) is a highly lethal malignancy worldwide. Our previous
study indicated that overexpression of USP34 could promote tumor growth in PC cells.
Therefore, this study aimed to further investigate the role of USP34 during the tumorigenesis
of PC.

Methods: The level of USP34 in PANC-1 and MiaPaCa-2 cells transfected with USP34-
shRNAs was detected by RT-gPCR. Moreover, transwell migration and Annexin V/PI
analysis were conducted to detect cell migration and apoptosis, respectively.

Results: In this study, downregulation of USP34 markedly inhibited proliferation and
migration, and induced apoptosis in PANC-1 cells. Moreover, silencing of USP34 obviously
downregulated the levels of PRR11 and p-p38 in PANC-1 cells. An in vivo study in nude
mice bearing PANC-1 cell xenografts confirmed these results.

Conclusion: Downregulation of USP34 could inhibit proliferation and migration in PANC-
1 cells via inhibiting PRR11, and inactivating p38 MAPK signaling. Therefore, USP34 might
be a potential therapeutic target for the treatment of PC.
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Introduction
Pancreatic cancer (PC) is a highly lethal malignancy and is one of the leading
causes of cancer mortality worldwide.! PC is characterized by low survival rate,
insidious onset, and rapid progression.” In addition, family history, high-fat diet,
smoking, chronic pancreatitis and type 2 diabetes mellitus are the established risk
factors for PC.37 Meanwhile, resection, chemotherapy, and radiation are the main
treatment methods for patients with PC.® However, the prognosis of PC remains
poor, recurrence within 1 year occurs in approximately 50% of the patients with PC
after surgery.” To improve the health outcomes for patients with PC, it is important
to search novel therapeutic targets and explore the molecular mechanisms of PC.
Ubiquitin is a 76-residue protein, which could regulate cellular processes
through its post-translational attachment (ubiquitinylation) to other lysine residue
on target proteins.® Ubiquitination could regulate protein interactions via promoting
protein degradation.’ Ubiquitin proteases could cleave off ubiquitin moieties and
remove ubiquitin moieties from proteins.'® Ubiquitin-specific proteases (USPs)
subfamily is a main class of ubiquitin proteases in human.'® In addition, ubiquitin-

specific protease USP34 could encode a kind of deubiquitinating enzyme, which is
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located on chromosome 2p15."" In the previous study, we
found that USP34 played a pro-survival role in PC cells
via activating AKT and PKC pathways.'> However, the
mechanisms by which USP34 regulated the apoptosis of
PC cells needs further investigation.

Proline-rich 11 (PRRI11) is a cancer-associated gene,
which is located on chromosome 17q22."* Previous stu-
dies indicated that the expression of PRRI11 was signifi-
cantly upregulated in sever tumors compared with normal
tissues, such as lung cancer, esophageal squamous cell
carcinoma and pancreatic cancer."*'® Chen et al indicated
that PRR11 plays important role during the development
and prognosis of cancers.'” Therefore, this study aimed to
investigate whether USP34 plays the pro-survival role in
PC cells via regulating the expression of PRR11.

Materials and Methods
Cell Culture

The human pancreatic cancer cell lines PANC-1 and
MiaPaCa-2 were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA). Cells
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA)
with 10% fetal bovine serum (FBS, Thermo Fisher
Scientific), and 1% antibiotics (penicillin and streptomycin),
and incubated at 37°C in a humidified incubator (5% CO,).

Lentivirus Production and Cell Transfection
Lentiviral expressing short-hairpin USP34  (USP34-
shRNA1 and USP34-shRNA2) were purchased from
GenePharma (Shanghai, China). The shRNA target
sequences were USP34-shRNA1: forward, 5'- CACCGC
ATATAATCCTAGACCTTTCCGAAGAAAGGTCTAGG-
ATTATATGC-3'; reverse, 5'- AAAAGCATATAATCCTAG
ACCTTTCTTCGGAAAGGTCTAGGATTATATGC-3'. US
P34-shRNA2: forward, 5'- CACCGGATTGAACTGTTG
ACGAAACCGAAGTTTCGTCAACAGTTCAATCC-3';
reverse, 5- AAAAGGATTGAACTGTTGACGAAACT
TCGGTTTCGTCAACAGTTCAATCC-3'. The PRRI11
sequence was synthesized by GenePharma, and then cloned
into the pSuper (lentiviral expression vector). The USP34-
shRNA1, USP34-shRNA2, and lenti-PRR11 plasmids were
transfected into 293T cells respectively and incubated at
32°C for 48 h. Later on, the supernatant containing the
retroviral particles were collected.

PANC-1 and MiaPaCa-2 cells (4 x 10° cells per well) were
plated into cell plates (60 mm) overnight, respectively. Then,

USP34-shRNA1 and USP34-shRNA2 supernatants were
added directly to PANCI cells and MiaPaCa-2 cells, respec-
tively. Meanwhile, lenti-PRRI11 supernatants were added
directly to PANCI1 cells. Stable PANC-1 and MiaPaCa-2
cells were then selected by puromycin (2.5 pg/mL, Sigma-
Aldrich, St. Louis, MO, USA) for another 72 h.

CCK-8 Assay

Cell viability was determined by using cell counting kit-8
(CCK-8, Dojindo Molecular Technologies, Gaithersburg,
MD, USA) in accordance with the manufacturer’s instruc-
tion. A total of 5 x 10> PANC-1 or MiaPaCa-2 cells were
plated into 96-well plates, respectively. Then, the cells
were incubated at 37°C overnight. After that, cells were
infected with USP34-shRNA1, USP34-shRNA2, or lenti-
PRRI1 for 72 h, respectively. Then, the culture medium
was replaced by fresh DMEM medium containing 10%
CCK-8 reagent and incubated for another 2 h at 37°C. The
absorbance at 450 nm of each well was measured using
a microplate reader (Bio-Rad, Hercules, CA, USA).

Real-Time Quantitative PCR

Total RNA from PANC-1 and MiaPaCa-2 cells were purified
by using TRIzol Reagent (Thermo Fisher Scientific). The
cDNA reverse transcription kit (Takara Bio Inc. Shiga,
Japan) was used to synthesize the cDNA following the
manufacturer’s instructions. QRT-PCR analysis was per-
formed on Applied Biosystems Prism 7900HT Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
using a SYBR® Premix Ex TagTM II (Takara) according to
the manufacturer’s instructions. The gene expression was
normalized to that of GAPDH using comparative cycle
threshold (CT) method. The primer sequences used were as
follows: USP34-F: 5'-GCTGAATGTAGATTTGTTGGCC
-3'; USP34-R: 5- ACAGCCTGTCTTGCCTCAGG-3".
PRR11-F: 5-CACCCCTGGAGACTCCAAAG-3'; PRR11-
R: 5-CTTTCGGCGATGGTATAAGCT-3' B-actin-F: 5'-
GTCCACCGCAAATGCTTCTA-3' and B-actin-R: 5'- TGC
TGTCACCTTCACCGTTC-3".

Western Blotting

Total protein was extracted from PC cells using radioimmu-
noprecipitation assay (RIPA) lysis buffer (Thermo Fisher
Scientific). In addition, protein concentration was detected
by using a Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). Proteins (30 pg per lane) were separated by 10%
SDS-PAGE electrophoresis and then transferred onto
a polyvinylidene fluoride membrane (PVDEF, Millipore,
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Billerica, MA, USA). After that, membranes were blocked
with 5% non-fat milk in Tween 20/Tris-buffered saline
(TBST) at room temperature for 1 h and then incubated
with the primary antibodies overnight at 4°C: anti-USP34
(1:1000, Abcam), anti-PRR11 (1:1000, Abcam), anti-p-ERK
(1:1000, Abcam), anti-ERK (1:1000, Abcam), anti-p-p38
(1:1000, Abcam), anti-p38 (1:1000, Abcam) and anti-p-
actin (1:1000, Abcam). Later on, the membranes were incu-
bated with anti-rabbit horseradish peroxidase-conjugated
IgG secondary antibody (1:5000, Abcam) at room tempera-
ture for 1 h. Chemiluminescence Substrate Reagent Kit
(Thermo Fisher Scientific) was used to develop signal on
a ChemiDoc XRS + system (Bio-Rad, Berkeley, CA, USA).
B-Actin was used as an endogenous control.

Flow Cytometric Analysis of Cell
Apoptosis

PANC-1 cells were washed twice with pre-cold PBS
(Thermo Fisher Scientific). Then, the cells were resus-
pended in 100 pL binding buffer (Thermo Fisher
Scientific). After that, the cells were stained with 5 pL of
propidium iodide and 5 pL of Annexin V-FITC for 15 min
in darkness at room temperature. Subsequently, apoptotic
cells were assessed using a flow cytometer (FACScan™,
BD Biosciences, Franklin Lakes, NJ, USA).

Transwell Migration Assay

PANC-1 cells (5 x 10* cells) were suspended in 200 pL
serum-free DMEM medium and seeded into the upper
chamber of 24-well transwell insert (Corning New York,
NY, USA). Meanwhile, DMEM medium with 10% FBS
(600 pL) was added into the lower compartment to induce
cell migration. After 24 h of incubation, cells attached to
the upper surface of the chamber were removed using
cotton swabs. Then, the cells that migrated through the
Transwell membrane were stained with 0.2% crystal vio-
let. After washing with PBS, cells were observed using
a laser confocal microscope (Olympus).

Animal Study

Four- to six-week-old nude mice (BALB/c, 15-20 g) were
purchased from the Shanghai SLAC Animal Center
(Shanghai, China) and animals were allowed free access to
normal food and water following the guidelines of the
Institutional Animal Care and Use Committee. Animals
were randomly divided into three groups (n = 3 each): con-
trol, USP34-shRNA1, and USP34-shRNA1 + Lenti-PRR11

group. To establish PC xenograft model, USP34-shRNA1-
infected PANC-1 cells, or USP34-shRNA1 and Lenti-PRR11
-co-infected PANC-1 cells (5 x 10° cells per mouse) were
resuspended in 50 plL PBS and injected into the left flank of
nude mice, respectively. Tumor volume in each group was
monitored every week with a caliper and analyzed using the
formula: TV = (length x width?)/2. All nude mice were
sacrificed in 4 weeks, and the entire tumors were dissected
out and weighed. All animal experiments were performed
according to the rules approved by the Institutional Ethical
Committee of the Second Affiliated Hospital of Soochow
University. All animal experiments in this study were
approved Institutional Ethical Committee of the Second
Affiliated Hospital of Soochow University.

Immunohistochemistry (IHC) Assay

PC tissues were embedded in paraffin and then cut into 5
um slices. Later on, the sections were incubated with the
anti-Ki67 (Abcam) primary antibodies overnight at 4°C.
Then, the slides were incubated with peroxidase combined
secondary antibody (Abcam) for 20 min. Then, DAB solu-
tion was added for signal reactions according to the manu-
facturer’s specification. Ki67 staining was imaged under
a fluorescence microscope (Olympus CX23 Tokyo, Japan).

Statistical Analysis

All data were repeated in triplicate. Data are presented as mean
+ standard error (S. D.). All statistical analyses were performed
using GraphPad Prism software (version 7.0, La Jolla, CA,
USA). One-way analysis of variance (ANOVA) and Tukey’s
tests were carried out for multiple group comparisons.
A P value <0.05 was considered to be statistically significant.

Results
Downregulation of USP34 Inhibited the

Proliferation of PC Cells

To investigate the role of USP34 in PC, human PC cell lines
PANC-1 and MiaPaCa-2 were infected with USP34-
shRNA1 and USP34-shRNA2, respectively. As shown in
Figure 1A and C, the level of USP34 was decreased in the
most following infection with USP34-shRNAT1 in two PC
cells, compared with the NC group. Therefore, USP34-
shRNA1 was utilized in the following experiments. Next,
CCK-8 assay was performed to determine the viability of PC
cells after infection with USP34-shRNAT1. As indicated in
Figure 1B and D, downregulation of USP34 significantly
inhibited the proliferation of PANC-1 and MiaPaCa-2 cells
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Figure | Downregulation of USP34 inhibited the proliferation of PC cells. (A) PANC-1 cells were transfected with USP34-shRNAI| or USP34-shRNA2 for 72 h. The level of
USP34 in PANC-1| cells was detected using RT-qPCR. (B) PANC-1| cells were transfected with NC or USP34-shRNAI for 24, 48 and 72 h. CCK-8 assay was used to
determine cell viability. (C) MiaPaCa-2 cells were transfected with USP34-shRNA| or USP34-shRNA2 for 72 h. The level of USP34 in MiaPaCa-2 cells was detected using RT-
qPCR. (D) MiaPaCa-2 cells were transfected with NC or USP34-shRNAI for 24, 48 and 72 h. CCK-8 assay was used to determine cell viability. **P<0.01 vs NC group.

and PANC-1 cells were more sensitive to USP34-shRNA1
transfection. Thus, PANC-1 cells were utilized in the follow-
ing studies. These results suggested that downregulation of
USP34 could inhibit the proliferation of PC cells.

Downregulation of USP34 Inhibited the
Proliferation of PC Cells via Inhibiting
PRRI | and Inactivating P38 Signaling

PRR11 was is a newly identified oncogene, which could
promote the proliferation of PC cells.'® Therefore, we
aimed to explore whether downregulation of USP34 could
inhibit the proliferation of PANC-1 cells via regulating the
expression of PRR11. As shown in Figure 2A, the level of
PRRI11 was obviously upregulated in PANC-1 cells follow-
ing infection with lenti-PRR11. However, overexpression of
PRR11 had no effect on cell viability and apoptosis
(Supplementary Figure 1A and 1B). In addition, Western
blot results indicated that upregulation of PRR11 had no

effect on the expression of USP34 in PANC-1 cells
(Figure 2B and C). In contrast, downregulation of USP34
significantly decreased the levels of PRR11 and p-p38 in
PANC-1 cells, which were markedly reversed after infec-
tion with lenti-PRR11 (Figure 2B, D and E). Meanwhile,
the level of p-ERK in PANC-1 cells was not altered follow-
ing infection with USP34-shRNA1 or lenti-PRR11
(Figure 2B and F). These data indicated that downregula-
tion of USP34 could inhibit the proliferation of PC cells via
inhibiting the PRR11, and inactivating p38 signaling.

Downregulation of USP34 Inhibited the

Migration and Induced the Apoptosis in

PANC-1 Cells

To further explore the function of USP34 in PC, flow
cytometric analysis was used. As indicated in Figure 3A
and B, downregulation of USP34 significantly induced
apoptosis in PANC-1 cells, which was significantly
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Figure 2 Downregulation of USP34 inhibited the proliferation of PC cells via inhibiting PRR | |, and inactivating p38 signaling. (A) PANC-1 cells were transfected with NC or lenti-
PRRI| for 72 h. The level of PRRI1 in PANC-| cells was detected using RT-qPCR. (B) PANC-| cells were transfected with USP34-shRNAI or lenti-PRR | | for 72 h. Meanwhile,
PANC-1 cells were co-transfected with USP34-shRNAI and lenti-PRRI | for 72 h. Expression levels of USP34, PRR I |, p-ERK, ERK, p-p38 and p38 in PANC- I cells were detected
with Western blotting. (C, D) The relative expressions of USP34 and PRR | | in PANC- | cells were quantified via normalization to B-actin. (E, F) The relative expressions of p-ERK,
p-p38 in PANC-| cells were quantified via normalization to ERK and p38, respectively. *P<0.01 vs NC group, "*P<0.01 vs USP34-shRNAI group.

reversed after infection with lenti-PRR11. In addition,
silencing of USP34 obviously inhibited the migration abil-
ity of PANC-1 cells. However, the inhibitory effect of
USP34-shRNA1 on the migration of PANC-1 cells was
markedly reversed following infection with lenti-PRR11
(Figure 3C and D). These results indicated that downre-
gulation of USP34 could inhibit the migration and induce
the apoptosis in PANC-1 cells.

Downregulation of USP34 Inhibited the
Tumor Growth of PANC-| Xenograft

in vivo

PANC-1 xenograft tumor model was established to
further investigate the role of USP34 on tumor growth

of PC in vivo. As indicated in Figure 4A—C, down-
regulation of USP34 significantly suppressed the tumor
growth of PANC-1 xenograft. However, when the mice
treated with USP34-shRNA1 plus lenti-PRR11, the
unfavorable role of USP34-shRNA1 on tumor volume
and tumor weight was abolished by PRR11 overexpres-
sion. In addition, the results of immunohistochemistry
assay indicated that downregulation of USP34 signifi-
cantly decreased the number of Ki67 positive PANC-1
cells in tumor tissues, which was markedly reversed
after infection with lenti-PRR11 (Figure 4D and E).
These data indicated that downregulation of USP34
could inhibit the tumor growth of pancreatic tumors

in vivo.
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Figure 3 Downregulation of USP34 inhibited migration and induced apoptosis in PANC- | cells. PANC-| cells were transfected with USP34-shRNAI or co-transfected with
USP34-shRNAI and lenti-PRR1 | for 72 h. (A, B) Apoptotic cells were detected with Annexin V and Pl double staining. (C, D) Transwell invasion assay was used to detect

the cell invasion. **P<0.01 vs NC group, P<0.01 vs USP34-shRNAI group.

Downregulation of USP34 Inhibited the
Tumor Growth of PANC-| Xenograft

in vivo via Inhibiting PRRI |, and
Inactivating P38 Signaling

Next, Western blotting assay was used to detect the
expression of USP34 in vivo. As revealed in Figure 5A

and B, downregulation of USP34 significantly decreased

the level of USP34 in tumor tissues. In addition, down-
regulation of USP34 significantly downregulated the levels
of PRR11, p-p38, p-Akt, p-mTOR and p-PKC in tumor
tissues, which were obviously reversed in the presence of
lenti-PRR11 (Figure 5A, C and D, Supplementary Figure
2A, 2B, 2C and 2D). Meanwhile, the levels of p-JNK in
PANC-1 cells were not altered by USP34-shRNAI1 or
USP34-shRNAI1 plus lenti-PRR11 (Supplementary Figure
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Figure 4 Downregulation of USP34 inhibited the tumor growth of PANC-| xenograft in vivo. PANC-1 cells were subcutaneously implanted with USP34-shRNAI infected
PANC-1I cells, or USP34-shRNAI and lenti-PRRI | co-infected PANC-I cells to establish a xenograft model of PC. (A) Tumor volumes of animals were monitored and
measured with calipers weekly. (B) Representative photographs of xenograft tumor were captured after 4 weeks. (C) Tumor weights in each animal were calculated. (D and
E) Representative images of Ki67 expression of xenograft tumor were photographed. (800% magnification). Arrow: Ki67-positive cell. #P<0.01 vs NC group, “*P<0.01 vs

USP34-shRNAI group.

2A and 2E). These data illustrated that downregulation of
USP34 could inhibit the tumor growth of PANC-1 xeno-
graft in vivo via inhibiting the PRR11, and inactivating
p38, Akt/mTOR and PKC signaling pathways.

Discussion
Our previous study indicated that USP34 could promote
human PC cell survival via activating AKT and PKC
pathways.'? In this study, we found that downregulation
of USP34 could inhibit the tumor growth in PANC-1 cells
via inhibiting the PRR11 and inactivating p38 signaling
in vitro and in vivo. To sum up, we demonstrated that
USP34 plays an oncogenic role in PC.
Ubiquitin—proteasome system is responsible for the
degradation of the majority of proteins in eukaryotic
cells.”'” The ubiquitin-specific proteases are also called
deubiquitinating enzymes, which could remove ubiquitin
conjugates from target proteins.’® The deubiquitinating
enzymes may play an oncogenic or a tumor-suppressor
functions in different types of cancers.”’ Previous study
indicated that the balance between ubiquitination and

deubiquitination is important for cellular survival.*? In
our previous study, we found that the expression of
USP34 was markedly upregulated in PC tissues, com-
pared with para-cancerous tissue samples.'> Moreover,
downregulation of USP34 could inhibit proliferation and
migration, and induce apoptosis in PANC-1 cells.
Meanwhile, downregulation of USP34 could inhibit the
tumor growth of PANC-1 xenograft in vivo. These data
indicated that downregulation of USP34 could inhibit the
tumorigenesis of PC cells in vitro and in vivo.
However, the mechanisms by which USP34 regulated the
tumorigenesis of PC cells have not yet been elucidated. It has
been shown that the sequence of PRR11 protein included the
ubiquitination site and phosphorylation sites.”* Evidence has
been shown that PRR11 was served as an oncogene gene,
which plays an important role in tumorigenesis.”* Hu et al
found that MAPK signaling could maintain PRR11 protein
stability via suppression of ubiquitin—proteasome activity.>
In this study, we found that downregulation of USP34 could
inhibit the level of PRR11 in PANC-1 cells, while overex-
pression of PRR11 had no effects on the expression of
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Figure 5 Downregulation of USP34 inhibited the tumor growth of PANC-| xenograft in vivo via inhibiting PRRI | and inactivating p38 signaling. (A) Expression levels of
USP34, PRR1 1, p-p38 and p38 in tumor tissues were detected with Western blotting. (B, C) The relative expressions of USP34 and PRRI | in tumor tissues were quantified
via normalization to B-actin. (D) The relative expressions of p-p38 in tumor tissues were quantified via normalization to p38. **P<0.01 vs NC group, "*P<0.01 vs USP34-

shRNAI group.

USP34 in PANC-1 cells. We speculated that downregulation
of USP34 could suppress the level of PRR11 via releasing the
ubiquitin—proteasome activity in PANC-1 cells. These data
indicated that downregulation of USP34 induced apoptosis
of PANC-1 cells via inhibiting PRR11 expression.
MAPK/p38, a member of the MAPK superfamily,
which exhibited an important role in cell apoptosis.*®
Evidences have been shown that p38 MAPK could func-
tion as a tumor suppressor or a oncogene in human
cells.?”*® Cao et al indicated resveratrol could inhibit the
migration of PC cells via suppression of p38 MAPK
signaling.?’ In contrast, Li et al indicated that miR-144-
3p induced apoptosis in PC cells by suppressing PRR11,

and upregulating the expressions of p-JNK and p-p38.'® In
this study, downregulation of USP34 significantly sup-
pressed the level of p-p38 in PANC-I1 cells, indicating
that downregulation of USP34 induced the apoptosis of
PC cells via inactivating p38 signaling. Meanwhile, over-
expression of PRRI1 markedly increased the level of
p-p38 in PANC-1 cells, indicating that PRR11 could acti-
vate p38 MAPK in PANC-1 cells. Taken together, we
indicated that downregulation of USP34 induced apoptosis
of PANC-1 cells via inhibiting PRR11, and inactivating
p38 signaling.

Evidence has been shown that ERK plays a major role in
the proliferation of cancer cells.>* Our data indicated that
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knockdown of USP34 or overexpression of PRR11 had no
effects on the expression of p-ERK in PANC-1 cells.
Moreover, downregulation of USP34 could inhibit the pro-
liferation of PC cells. These data indicated that USP34 may
not exert its oncogenic effect in PC cells by regulating ERK
signaling. In addition, we found that downregulation of
USP34 could decrease the levels of p-Akt, p-mTOR and
p-PKC in tumor tissues, which was obviously reversed
following infection with lenti-PRR11. Therefore, our data
suggested that downregulation of USP34 could inhibit the
growth of PC cells in vivo via inhibiting the PRR11, and
inactivating p38, Akt/mTOR and PKC signaling pathways.
Zhang et al indicated that downregulation of PRR11 could
induce autophagy and inhibit the proliferation of non-small-
cell lung cancer cells through inactivating Akt/mTOR signal-
ing pathway.’' Therefore, it will be important to investigate
whether downregulation of USP34 inhibits the growth of PC
cells via inhibiting the PRR11, and then inducing autophagy.

Conclusion

The current study showed that downregulation of USP34
could inhibit the proliferation and migration in PANC-1
cells via inhibiting PRR11, and inactivatingp38 MAPK
signaling. Therefore, USP34 might be a potential thera-
peutic target for the treatment of PC.
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