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Introduction: Pancreatic cancer is one of the deadliest cancers in the world, and pancreatic
ductal adenocarcinoma (PDAC) accounts for 90% of all cases. Human positive coactivator 4
(PC4) is a transcriptional coactivator that has been associated with the development and
progression of several tumors. However, no studies investigated the potential role of PC4 in
PDAC.

Methods: We investigated PC4 expression in 81 PDAC tissue samples using immunohis-
tochemistry and studied the impact of PC4 expression and the molecular mechanisms of this
altered expression on PDAC tumorigenesis and proliferation both in vitro and in vivo.
Results: PC4 overexpression was correlated with a poor outcome in PDAC patients. The
RNAi-mediated knockdown of PC4 expression in CFPAC-1 and AsPC-1 cell lines reduced
cell proliferation and tumor growth. The loss of PC4 in PDAC inhibits cell growth by
inducing cell cycle arrest at the G1/S transition and suppressing the mTOR/p70s6k pathway.
Discussion/Conclusion: Our findings reveal for the first time that PC4 exerts oncogenic
functions by activating mTOR/p70s6k signaling pathway-mediated cell proliferation, imply-
ing that PC4 is a promising therapeutic target for PDAC.

Keywords: PC4, PDAC, proliferation, mTOR/p70s6k

Introduction

Pancreatic cancer is the seventh leading cause of cancer-related death worldwide,
and the 5-year survival rate is only 9%.' Among all pancreatic cancers, pancreatic
ductal adenocarcinoma (PDAC) is the most common and aggressive form and
accounts for approximately 90% of all pancreatic tumors.” To date, PDAC remains
highly resistant to almost all treatments, and surgery is still the most effective
treatment.> However, 80-90% of patients are not candidates for surgery at the time
of diagnosis because pancreatic cancer is rarely diagnosed in an early stage.’*
Therefore, improving the diagnosis, treatment and prognosis of PDAC is urgent.
The tumor biology of PDAC plays a significant role in its development and
prognosis.” Hence, a better understanding of the mechanisms underlying malignant
biological activities may reveal new therapeutic targets.

4 (PC4), first identified as
a transcriptional coactivator located on chromosome 5pl3, encodes a 127-amino

Human positive coactivator which was

acid protein®’ that is involved in the regulation of various cellular processes,
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including DNA transcription,® '' DNA replication,'? '

DNA repair'> ' and chromatin organization.'”?* The
overexpression of PC4 is associated with cancer progres-
sion, metastasis and radiosensitivity in several tumors.>* %’
However, the relationship between PC4 expression and
PDAC development and prognosis remains unknown.

In this study, we explored the potential role of PC4 in
PDAC. We first found that PC4 was highly expressed in
PDAC and positively correlated with a poor prognosis in
patients. Furthermore, the effect of the downregulation of
PC4 expression on the proliferation of PDAC cells was
verified through both in vitro and in vivo studies. We also
found that PC4 could bypass the G1/S checkpoint and
activate mTOR/p70s6k signaling pathway-mediated cell
proliferation in PDAC. Collectively, our study offers
a novel insight into the functions and mechanisms of
PC4 in PDAC and reveals that PC4 might hold promise
for targeted therapies for pancreatic cancer.

Materials and Methods

Analysis of Datasets from the Cancer
Genome Atlas (TCGA) and Gene
Expression Profiling Interactive Analysis
(GEPIA) Databases

The mRNA expression profiles of PC4 in pancreatic ade-
nocarcinoma (PAAD) tissues were obtained from the
GEPIA database.

mRNA expression levels and overall survival of patients
with PAAD was analyzed using TCGA database.

The association between the PC4

Patient Information and Follow-Up Study
In this study, we enrolled 81 patients diagnosed with PDAC
between 2010 and 2018 at the Institute of Hepatobiliary
Surgery, Southwest Hospital, Army Medical University.
PDAC tissues were obtained from these patients, none of
whom received chemotherapy before surgery. Overall survival
was defined as the period between the date of surgery and the
date of either death or last contact. This study was approved by
the Ethics Committee of Southwest Hospital, Army Military
Medical University. Written informed consent was obtained
from all patients before they were enrolled in the study.

Tissue Microarray (TMA) and

Immunohistochemistry (IHC)
The clinical tissue specimens were fixed in 4% parafor-
maldehyde for 24 h at room temperature before they were

dehydrated and embedded in paraffin. In total, 81 sets of
paraffin-embedded PDAC tissues, adjacent tissues and
normal tissues were included in the TMA. The TMA
(constructed by Shanghai Outdo Biotech Co., Ltd.),
which was 1.5 mm in diameter and 3 pum thick, was
dewaxed, rehydrated and incubated with human PC4 anti-
body (1:300; Sigma, St. Louis, Missouri, USA) at 4°C
overnight. Then, the slides were sequentially incubated
with a biotinylated secondary antibody at 37°C for 30
min, and positive staining was visualized using DAB.
PC4 expression in the PDAC tissues was evaluated based
on the percentage of positively stained cells and the stain-
ing intensity. The percentage of positive cells was quanti-
tatively evaluated and scored as follows: 0 (< 5% positive
cells), 1 (5—25% positive cells), 2 (26-50% positive cells),
3 (51-75% positive cells) and 4 (> 75% positive cells).
The intensity was graded as follows: 0, no signal; 1, weak
staining (light yellow); 2, moderate staining (brown); and
3, strong staining. The final score of each sample was
calculated by multiplying the 2 values (range 0-12);
then, the scores were categorized as negative (—, score
0-1), weak (+, score 2—4), moderate (++, score 5-8), or
strong (+++, score 9—12). All tissue samples were exam-
ined and independently evaluated by two pathologists.

Western Blot Analysis

CFPAC-1 and AsPC-1 cells were harvested, washed,
and lysed with RIPA buffer (Beyotime) containing pro-
tease inhibitor cocktail (Roche) for 30 min on ice. The
total protein was extracted and quantified using a BCA
kit (Beyotime) according to the manufacturer’s instruc-
tions. The protein samples were separated by electro-
phoresis using a 4%~20% gel and then transferred onto
PVDF membranes (Millipore). The blotted membranes
were blocked and incubated with primary antibodies
overnight at 4°C. After 3 washes with TBST and
a 1-h incubation with an HRP-conjugated secondary
antibody (Proteintech) at room temperature, the mem-
branes were developed using an enhanced chemilumi-
nescence detection system (Bio-Rad Laboratories) to
detect the protein. The primary antibodies against
PC4 were obtained from Sigma, while the primary
antibodies  against f-actin, p-mTOR, t-mTOR,
p-p70s6k, t-p70s6k, p-4EBP1, t-4EBP1, CDK4,
CDK6, Cyclin D and Cyclin E were obtained from
Cell Signaling Technology.
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RNA Interference

Lentiviral vectors containing shRNAs targeting human PC4
(shRNA-1: 5-GACAGGUGAGACUUCGAGATT-3"; 5'-
UCUCGAAGUCUCACCUGUCTT-3"; shRNA-2: 5'-ACAG
AGCAGCAGCAGCAGATT-3; 5'-UCUGCUGCUGCUGC
UCUGUTT-3") and negative control shRNA (5'-UUCUCC
GAACGUGUCACGUTT-3; 5-ACGUGACACGUUCG
GAGAATT-3") were constructed by GenePharma. CFPAC-1
and AsPC-1 cells were transfected with plasmids using
Lipofectamine 3000 (Invitrogen) in OptiMEM (HyClone)
according to the manufacturer’s instructions.

Quantitative Real-Time PCR

The total RNA was extracted from the CFPAC-1 and AsPC-1
cells using TRIzol reagent (Invitrogen, CA, USA) according
to the manufacturer’s instructions. Real-time PCR was per-
formed using a SYBR Green kit (Takara). The primers used
for PCR are as follows: GAPDH, forward GGCATC
CTGGGCTACACT, reverse CCACCACCCTGTTGCTGT;
Subl, forward TGATTCTGACAGTGAGGTTGAC, reverse
TTATCATCTCTGCTGCTGCTG; CyclinDI1, forward 3'-
CCATGTACCCTGGCATTGC-5', reverse 5-TCAGGA
GGAGCAATGATCTTGA-3'; and CyclinEl, forward 3'-
AAGCCCTCTGACCATTGTGTCC-5', reverse 5'-CTAAG
CAGCCAACATCCAGGAC-3'.

Animals and Cell Lines

Athymic female nude mice (46 weeks) were obtained
from the Centre for Experimental Animals and housed
under specific pathogen-free conditions. The animal
experiments followed the Guidelines for the Care and
Use of Laboratory Animals of the TMMU, and all proce-
dures were approved by the Animal Care and Use
Committee of the TMMU. The human pancreatic cancer
cell lines CFPAC-1 and AsPC-1 and a non-cancerous
pancreatic ductal epithelial cell line (hTERT-HPNE) were
purchased from the American Type Culture Collection
(ATCC, Manassas, Virginia, USA) or the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China).
The AsPC-1 cells were grown in RPMI 1640 (HyClone,
Logan, Utah, USA), the CFPAC-1 cells were grown in
IMDM (HyClone, Logan, Utah, USA), and the hTERT-
HPNE cells were grown in DMEM (Gibco, Gr-and Island
New York, USA). All media were supplemented with 10%
FBS (Gibco, Gr-and Island New York) and 1% streptomy-
cin/penicillin (Beyotime), and the cells were incubated at
37°C in an atmosphere containing 5% CO?2.

Cell Viability Assay

The cell viability was measured with a Cell Counting Kit-
8 assay (Dojindo). Briefly, CFPAC-1 and AsPC-1 cells
with stable PC4 knockdown (shPC4-1 and shPC4-2) and
corresponding control cells were seeded in 96-well plates
(4000 cells per well in 100 pL of medium) and cultured at
37°C in an incubator containing 5% CO2. The cell viabi-
lity was tested 24 h, 48 h, 72 h, 96 h and 120 h after
plating by measuring the optical density at a wavelength of
450 nm (ODA450). The experiments were performed in
triplicate.

Cell Cycle and Apoptosis Analyses by

Flow Cytometry

A BD FACSCalibur flow cytometer was used for the cell
cycle and apoptosis analyses according to the manufac-
turer’s protocol. For the analysis of the cell cycle distribu-
tion, CFPAC-1 and AsPC-1 cells with stable PC4
knockdown (shPC4-1 and shPC4-2) and corresponding
control cells were collected, centrifuged and fixed in
75% ethanol at —4°C overnight. After incubating the
cells with propidium iodide (PI, 50 pg/mL) and RNase
for 20 min at 37°C in the dark, the cells were analyzed by
flow cytometry within one hour. For the apoptosis assess-
ment, the cells were stained with Annexin V-APC/PI (BD
Biosciences) for 15 min at 37°C in the dark and then
analyzed by flow cytometry. The experiments were per-
formed in triplicate.

PDAC Cell Xenograft Mouse Model

For the in vivo tumor growth model, 100 pL of PBS
containing 5 x 10° CFPAC-1 cells with stable PC4 knock-
down (shPC4-1 and shPC4-2) or control cells were sub-
cutaneously injected at one dorsal site into athymic female
nude mice. These mice were divided into three groups
(control, n=10; sh1-PC4, n=9 and sh2-PC4, n=9). The
tumor growth was measured every 3 days, and the tumor
volume was calculated using the following formula:
volume (mm®) = (width® x length)/2. At the endpoint,
the mice were sacrificed, and the xenograft tumors were
dissected, weighed and fixed in 4% paraformaldehyde for
the subsequent immunohistochemical staining.

Statistical Analysis

All results are presented as the means + standard devia-
tions. The data were analyzed using Excel, GraphPad 7.0
and SPSS 25.0 (IBM). Comparisons between two groups
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were performed using Student’s ¢-test, whereas compari-
sons among three or more groups were performed using
one-way analysis of variance (ANOVA). The survival data
were analyzed using the Kaplan—-Meier method. The cor-
relations between PC4 expression and the clinical para-
meters were determined using Pearson’s y2 method.
A P-value<0.05 was considered statistically significant.
The p-values are indicated as follows: “*”, P<0.05; “**”,
P<0.01; “***” P<0.001; and “****” P<(.001.

Results
PC4 is Upregulated in PDAC and is
Negatively Correlated with the Prognosis

of Patients
Based on the analysis of the GEPIA database, the mRNA
expression of PC4 in the PAAD tissues was higher than that
in the adjacent tissues (Figure 1A), and this finding was
confirmed in tissue arrays containing 81 sets of PDAC speci-
mens obtained from patients at our institution (Figure 1B and
C). The IHC results revealed aberrant PC4 overexpression in
the carcinoma tissues, while a weak positive signal was found
in the adjacent tissues, and almost no positive signal was
observed in the normal tissues (Figure 1B); furthermore, the
percentage of PC4-positive cells increased with the pathologi-
cal grade (Figure 1C). The average calculated PC4 expression
staining scores confirmed the above results (Figure 1D). The
log-rank analysis suggested that high PC4 expression was
significantly correlated with a poor prognosis among patients
with PDAC (P<0.0001; shown in Figure 1E). However, in the
GEPIA analysis, the correlation between PC4 expression and
overall survival was not statistically significant (Figure 1F).
The relationships between the PC4 protein levels and
clinical characteristics, including age, sex, TNM stage, and
overall survival, were analyzed. The PC4 protein levels were
not significantly associated with age, sex or the TNM stage
(Table 1).

PC4 Knockdown Inhibited Cell

Proliferation and Arrested the Cell Cycle

at the GI1-S Checkpoint in vitro

As shown in Figure 2A and B, the PC4 mRNA and protein
expression levels in the PDAC cell lines (CFPAC-1, AsPC-1
and PANC-1) were higher than those in the normal human
pancreatic duct epithelial cells ('TERT-HPNE). Among the
four PDAC cell lines tested, the CFPAC-1 and AsPC-1 cells
had the highest PC4 levels. Then, we constructed cell lines

with stable knockdown of PC4 by transfecting CFPAC-1 and
AsPC-1 cells with a PC4-specific shRNA and selecting with
puromycin. We validated the knockdown efficiency by qPCR
and Western blotting (shown in Figure 2C and D. The results
of the CCK-8 assays indicated that the PC4 knockdown mark-
edly reduced the viability of the CFPAC-1 and AsPC-1 cells
(Figure 2E, P<0.0001). Furthermore, we determined the cell
cycle distribution using flow cytometry. Figure 2F and G show
that the PC4 knockdown caused fewer cells to enter the
S phase and more cells to arrest in the G1 phase, indicating
arrest at the G1/S checkpoint. However, knocking down PC4
had no significant impact on apoptosis in either the CFPAC-1
or AsPC-1 cells (Figure 2H and I). Overall, these results
suggest that PC4 promotes PDAC cell proliferation and over-
comes the checkpoints at the G1/S phase transition.

PC4 Knockdown Inhibited Tumor

Growth in vivo

To further determine the biological function of PC4
in vivo, a subcutaneous xenograft tumor mouse model
was established. CFPAC-1 cells with stable PC4 knock-
down were injected into athymic female nude mice.
Figure 3A shows that the PC4 expression levels in the
tumors derived from shPC4-1 and shPC4-2 were lower
than those in the tumors formed by the control cells. The
xenograft growth in the mice injected with shPC4-1 or
shPC4-2 cells was significantly attenuated compared
with that in the mice injected with the control cells as
shown in Figure 3B. At the experimental endpoint, the
average size and weight of the tumors from the shPC4-1
and shPC4-2 groups were much smaller and lighter than
those of the tumors from the control group. The tumor
growth curve indicated that PC4 promotes PDAC cell
growth in vivo (Figure 3C).

Knocking Down PC4 Suppressed the
Activation of the mTOR Signaling
Pathway, and MHY 1485 Relieved the
Inhibitory Effect on Proliferation in

AsPC-1 and CFPAC-| Cells

Since the mTOR/p70s6k signaling pathway plays a crucial
role in regulating cell proliferation, the effect of PC4 on
this pathway was investigated. The expression levels of
key components in this pathway were examined by
Western blotting. As shown in Figure 4A, the PC4 knock-
down decreased the levels of phosphorylated mTOR,
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Figure | PC4 is upregulated in PDAC and is negatively correlated with the prognosis of patients. (A) PC4 mRNA expression levels in PAAD tissues (T) and normal tissues
(N) from the GEPIA database. *P < 0.05. (B) Immunohistochemical staining of PC4 protein in 81 sets of PDAC tissues, adjacent tissues and normal tissues. (C) PC4
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Table | The Relationship Between PC4 Protein Levels and the
Clinical Characteristics of Patients with PDAC

Characteristic PC4 Expression (Cut-Off Value=7)
High Level Low Level p value
n=45 n=25

Age 57.20%10.190 60.16%9.113 0.217°

Sex

Male 25 19 0.090

Female 20 6

Ajcc_T staging

TI+T2 39 20 0.695*

T3+T4 6 5

Ajcc_N staging (%)

NO 33 14 0.139

NI+N2 12 I

Ajcc_M staging (%)

MO 40 22 1.000°

Ml 5 3

Ajcc_TNM_stage (%)

Stage I+ |l 41 22 1.000*

Stage Ill+ IV 4 3

Notes: *Continuous correction chi-square test. ®Student’s t-test.

p70s6k and 4EBP1 compared with those in the control
cells, indicating that PC4 could activate the mTOR signal-
ing pathway. The mRNA levels of Cyclin D and Cyclin
E in each group were also examined by RT-PCR
(Figure 4B).

The mTOR activator MHY 1485 was used to further verify
whether the mTOR/p70s6k signaling pathway was responsible
for the oncogenic functions of PC4 in AsPC-1 and CFPAC-1
cells. The reductions in the levels of phosphorylated mTOR,
p70s6k, and 4EBP1 as well as CDK4, CDK®6, Cyclin D, and
Cyclin E in the PC4-knockdown cells were reversed by
MHY 1485 (Figure 4C). The CCK-8 assay showed that the
viability of the AsPC-1 and CFPAC-1 cells in the shPC4 +
MHY 1485 group was significantly higher than that in the
shPC4 group (Figure 4D). Altogether, these results suggest
that PC4 promotes cell proliferation in PDAC by activating the
mTOR/p70s6k pathway.

Discussion/Conclusion

Due to the increased incidence and mortality of PDAC and
the difficulty of early detection, the current strategies used
to treat and diagnose this disease face many obstacles.?®
Thus, there is a great need to elucidate the underlying

mechanisms of PDAC progression and identify novel ther-
apeutic targets to improve the outcomes of PDAC patients.
Here, we provide a novel perspective that PC4, which is an
oncogene, is significantly upregulated in PDAC and plays
a crucial role in PDAC tumorigenesis.

PC4, SUBI1, is
a transcription coactivator that contains highly con-

which is also known as

served sequences among humans, rats, mice and
yeast.” PC4 is a nuclear protein that participates in
various cellular processes, including DNA transcription
(8-11), DNA replication (12—-16), DNA repair (12-16)
and chromatin organization (17-22). The literature
states that PC4 is significantly upregulated in several

carcinoma
18,24,26

tumors, such as non-small-cell
(NSCLQO),
implying that PC4 plays a crucial role in tumorigen-
esis. However, the function of PC4 in PDAC has not

been investigated.

lung

astrocytoma, and prostate cancer,

In this study, we specifically characterized PC4 expres-
sion in PDAC. Based on the tissue array analysis, PC4 was
demonstrated to be significantly upregulated in PDAC
tissues compared with adjacent tissues and was closely
correlated with prognosis. However, we found that the
increased PC4 expression was not associated with the
TNM stage, suggesting that PC4 influences the tumorigen-
esis, but not the progression, of PDAC.

Subsequently, we evaluated the relationship between
PC4 and the prognosis of PDAC patients. Although our
experiments showed that the PC4 mRNA and protein
expression levels were associated with overall survival,
our results are inconsistent with TCGA analysis, which
revealed that PC4 mRNA expression is not correlated with
overall survival in PDAC patients. The following two rea-
sons may explain this discrepancy: 1. the results of TCGA
data are derived from analyses performed at the PC4 mRNA
level by RNA sequencing or mRNA Chip, while our results
are based on analyses at the PC4 protein level, such as the
immunohistochemical analysis using tissue microarrays;
and 2. most patients enrolled in TCGA project were
Caucasian, while most patients enrolled in our study were
Asian. However, we believe that evaluating PC4 protein
expression and its correlation with prognosis is valuable
and credible as PC4 plays an oncogenic role in many tumors
and interacts with various cellular processes.

The in vitro experiments showed that the PC4 knock-
down inhibited cell proliferation and arrested the cell cycle
at the G1-S transition. This result is consistent with the
in vivo results showing that PC4 knockdown can inhibit
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Figure 3 PC4 knockdown inhibited tumor growth in vivo. (A) PC4 expression levels in tumors formed by shPC4-1, shPC4-2 or control cells. (B, C) Effect of PC4
knockdown on the growth of subcutaneous xenograft tumors. (B) Images of subcutaneous xenograft tumors. (C) Tumor growth curve. Control, n = [0; shPC4-1, n=9;
shPC4-2, n=9. **** P<0.0001.

the growth of subcutancous xenograft tumors. These data In addition, our study showed that the PC4 knockdown
demonstrate that PC4 is a potential therapeutic target for significantly inhibited the phosphorylation of mTOR,
the treatment of PDAC. p70s6k and 4EBPI, indicating that the mTOR/p70s6k
I 2220 submit your manuscript | www.dovepress.com OnCOTargEtS and Therapy 2020:13
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Abbreviations: SD, standard deviation; p-mTOR, phosphorylated mammalian target of rapamycin; t-mTOR, total mammalian target of rapamycin, CCK-8, cell counting kit-8.

OncoTargets and Therapy 2020:13 submit your manuscript 12221

Dove


http://www.dovepress.com
http://www.dovepress.com

Su et al

Dove

signaling pathway might be a potential target pathway of
PC4. Numerous studies have confirmed that the mTOR/
p70S6K signaling pathway plays a central role in cell
survival, growth and proliferation, is significantly acti-
vated in various tumors, such as breast cancer, prostate
cancer and cervical cancer, and has become a novel target
in cancer therapy.”” >* mTOR is a member of the PIKK
superfamily and an atypical serine/threonine protein
kinase. mTOR regulates protein synthesis, cell growth,
proliferation and apoptosis.>> p70s6k is an important key
factor downstream of the mTOR pathway that directly
activates mTOR and promotes protein synthesis. p70s6k
is phosphorylated into p-p70s6k by mTOR, and the trans-
lational activity of p-p70s6k is approximately 100-fold
greater than that of p70s6k.’® 4EBP1 is a negative regu-
lator of protein translation in mammalian cells. When cells
are exposed to external stimuli, 4EBP1 is inactivated by
mTOR, causing its dissociation from eIF-4E.*’ In the
presence of mTOR inhibitors, 4EBP1 is dephosphorylated
and interacts with elF-4E, inhibiting the initiation of trans-
lation. Our results demonstrate that the ectopic activation
of the mTOR/p70s6k signaling pathway could rescue the
effects of PC4 on the downregulation of the mTOR/
p70s6k signaling pathway and reduction in cell viability.
These results suggest that PC4 promotes cell proliferation
in PDAC by activating the mTOR/p70s6k pathway.
Altogether, these results suggest that the PC4 protein
levels in PDAC tissues are higher than those in adjacent
tissues and that PDAC patients with high PC4 protein
expression tend to have relatively shorter overall survival.
In addition, the PC4 knockdown inhibited cell proliferation
and tumor growth, indicating that PC4 functions as an onco-
gene in PDAC. Furthermore, PC4 exerts its oncogenic func-
tions by activating the mTOR/p70s6k signaling pathway and
inducing cell cycle arrest at the G1/S transition. To the best
of our knowledge, this study is the first to provide novel
insight into the functions and mechanisms of PC4 in PDAC
and suggest that PC4 is a novel therapeutic target for PDAC.
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