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Abstract 

Protein Disulfide Isomerase Family A Member 6 (PDIA6) is an endoplasmic reticulum protein that is capable of catalyzing protein 

folding and disulfide bond formation. Abnormally elevated expression of PDIA6 has been reported to predict poor outcomes in various 
cancers. Herein, gain-of- and loss-of-function experiments were performed to investigate how PDIA6 participated in the carcinogenesis 
of pancreatic cancer (PC). By analyzing the protein expression of PDIA6 in 28 paired PC and para carcinoma specimens, we first 
found that PDIA6 expression was higher in PC samples. Both the overall survival and disease-free survival rates of PC patients with 

higher PDIA6 expression were poorer than those with lower PDIA6 ( n = 178). Furthermore, knockdown of PDIA6 impaired the 
malignancies of PC cells — suppressed cell proliferation, invasion, migration, cisplatin resistance, and xenografted tumor growth. 
PDIA6-silenced PC cells were more sensitive to cytotoxic natural killer (NK) cells. Overexpression of PDIA6 had opposite effects on 

PC cells. Interestingly, COP9 signalosome subunit 5 (CSN5), a regulator of E3 ubiquitin ligases known to promote deubiquitination 

of its downstream targets, was demonstrated to interact with PDIA6, and its expression was increased in PC cells overexpressing 
PDIA6. Additionally, PDIA6 overexpression promoted deubiquitination of β-catenin and PD-L1 and subsequently upregulated their 
expression in PC cells. These alterations were partly reversed by CSN5 shRNA. Collectively, the above results demonstrate that PDIA6 

contributes to PC progression, which may be associated with CSN5-regulated deubiquitination of β-catenin and PD-L1. Our findings 
suggest PDIA6 as a potential target for the treatment of PC. 
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Introduction 

Pancreatic cancer (PC) is regarded as one of the most common malignant
tumors and is the fourth leading cause of cancer death [1] . The most common
form of PC is pancreatic ductal adenocarcinoma (PDAC), which accounts for
about 85% of all PC [2] . According to the GLOBOCAN 2012 estimates, the
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ncidence and mortality of PC in China will increase year by year over the next
0 years [3] . Due to the lack of screening and early diagnosis methods, most
atients are already at an advanced stage when they are diagnosed. Despite 
reat advances have been made in cancer treatment, the 5-year survival rate 
or PC patients is still less than 10% [ 4, 5 ]. Therefore, a better understanding
f the molecular mechanisms underlying PC progression and an exploration 
f potential therapeutic targets are urgently needed. 

Protein Disulfide Isomerase Family A, Member 6 (PDIA6) belongs to the 
rotein disulfide isomerase (PDI) family and mainly exists in the endoplasmic 
eticulum [6] . PDIA6 can catalyze the formation of disulfide bonds, promote 
rotein folding, and suppress the aggregation of unfolded substrates [ 6, 7 ].
arlier studies have shown that PDIA6 exerts a vital role in cancer progression.
owever, the function of PDIA6 in cancer progression is contradictory. 
DIA6 plays a catalytic role in the development of several types of cancer,

ncluding non–small cell lung cancer (NSCLC), bladder cancer, and giant 
ell tumor [8-10] . On the contrary, Kim et al. [11] demonstrated that
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Table 1 

Clinic-pathological data of patients with pancreatic 

adenocarcinoma (n = 28). 

Clinical features Number 

Age ≤60 years 14 (50%) 

> 60 years 14 (50%) 

Gender Male 20 (71%) 

Female 8 (29%) 

Tumor 

differentiation 

Poor 12 (43%) 

Moderate 16 (57%) 

Tumor 

stage 

T1-2 2 (7%) 

T3-4 26 (93%) 

Tumor 

grade 

≤IIa 9 (32%) 

> IIa 19 (68%) 
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after inhibition of PDIA6, the migration and invasion of glioblastoma cells
increased significantly. So far, the function of PDIA6 in PC progression
has not been reported. The Cancer Genome Atlas (TCGA) data analyzed
by GEPIA (Gene Expression Profiling Interactive Analysis, http://gepia.
cancer-pku.cn/ ) showed that the transcripts of PDIA6 genes are more
abundant in PC patients with poorer prognosis [12] . Therefore, we speculate
that PDIA6 may exert a vital role in the occurrence and development of PC.

COP9 signalosome subunit 5 (CSN5) is a key subunit of the COP9 signal
complex and regulates multiple cellular processes, such as proliferation and
apoptosis [ 13, 14 ]. Existing studies have shown that abnormally elevated
expression of CSN5 in tumor tissues predicts poor outcomes in various types
of cancer, including PC [15] . CSN5, a regulator of E3 ubiquitin ligases,
is demonstrated to affect gene stability by regulating the ubiquitination of
genes in cancer progression. Specifically, CSN5 has been found to promote
hepatocellular carcinoma progression via suppressing the ubiquitination
of β-catenin [16] . Furthermore, it has been reported that CSN5 can
stabilize programmed death-ligand 1 (PD-L1) in colorectal cancer cells, thus
participating in immune evasion of cancer cells [17] . Interestingly, by using
HitPredict ( http://www.hitpredict.org/ ) and GEPIA, we found that there was
a certain correlation between expression levels of PDIA6 and CSN5 in PC.
Taken together, we hypothesized that PDIA6 could interact with CSN5 to
regulate its expression, thus affecting the downstream signaling and ultimately
affecting PC progression. 

Methods and materials 

Clinical samples and cell culture 

Twenty-eight patients diagnosed with PDAC in The First Affiliated
Hospital of Zhengzhou University were enrolled in the present study,
including 8 females and 20 males aged from 44 to 80 with a median age
of 59 years old. The samples were obtained from January 2015 to May 2017.
The clinic-pathology data of the PC patients were presented in Table 1 . 

PANC-1, BxPC-3, AsPC-1, CFPAC-1, SW1990, and MIA PaCa-2 cells
and pancreatic ductal epithelial cells (hTERT-HPNE) were cultured in a
humidified incubator with 5% CO 2 at 37 °C in RPMI-1640 medium (Gibco
Life Technologies, Grand Island, NY, USA), IMDM medium (Procell,
Wuhan, China), L-15 medium (Procell) or DMEM + 2.5% HS (horse
serum) medium (Gibco Life Technologies) supplemented with 10% fetal
bovine serum (FBS, Doublehelix, Wuhan, China). The PC cell lines were
obtained from Procell, and the hTERT-HPNE cell line was purchased from
Zhong Qiao Xin Zhou (Shanghai, China). 

Construction of plasmids 

The specific short hairpin RNAs (shRNAs) of PDIA6 were inserted
into the region between Hpa Ⅰ and Xho Ⅰ sites of the lentivirus (LV)
plasmid vector to achieve PDIA6 knockdown. shRNA1-PDIA6,
5 ′ …CGATACGGGATTAGAGGATTT…3 ′ (target sequence); shRNA2-
PDIA6, 5 ′ …CCATCGAATTTCAACCGAGAA…3 ′ (target sequence).
shRNA-NC, 5 ′ …TTCTCCGAACGTGTCACGT…3 ′ . To achieve PDIA6
overexpression, the lentivirus vector Pljm1-egfp containing a full-length
coding sequence of PDIA6 between the Nhe Ⅰ and Age Ⅰ sites was constructed.
The lentivirus vectors were purchased from Fenghui Biotechnology Co., Ltd
(Changsha, China). PANC-1 and AsPC-1 cells were infected with lentivirus
shRNAs-PDIA6 or its negative control (shRNA-NC), and BxPC-3 cells
were infected with lentivirus-mediated PDIA6 overexpressing vectors (OV-
PDIA6) or its NC (OV-NC). After 24 h, cell lines with stable low or high
expression of PDIA6 were obtained by the inclusion of puromycin in the
culture medium. The viral titer for lentivirus vectors was 10 8 TU/mL. PC
cells were infected with lentiviral vectors at a multiplicity of infection (MOI)
of 30. 
For CSN5 overexpression in BxPC-3 cells, the full-length coding 
equence of CSN5 was cloned into a pcDNA3.1 vector (Genscript, Nanjing,
hina) for exogenous overexpression. For CSN5 knockdown, shRNAs 

pecifically targeting CSN5 or its NC were inserted into the pRNAH1.1
ector (Genscript) and then transfected into BxPC-3 cells. shRNA1-CSN5, 
 

′ …GGCACTGAAACCCGAGTAAAT…3 ′ (target sequence); shRNA- 
C2, 5 ′ … TTCTCCGAACGTGTCACGT…3 ′ . Cell transfection was 

erformed following the manufacturer’s instruction of Lipofectamine 
000 (Gibco Life Technologies). For β-catenin overexpression, β-catenin- 
33Y mutant plasmid (Addgene, http://www.addgene.org/19286/ ) (resistant 
o proteasomal degradation [18] ) and β-catenin overexpressing plasmid 
pcDNA3.1, Genscript, Nanjing, China) (not resistant to degradation) were 
ransfected into PANC-1 cells. 

For cell administration, the infected cells were exposed to cisplatin (DDP)
Dalian Meilun Biotech, Dalian, China) at a concentration of one-fourth
C 50 of control cells for 48 h, and at the time point, the cells were harvested
or subsequent testing. 

estern blot 

RIPA lysis buffer mixed with PMSF was used to obtain total protein
rom the PC cells and tissues. The protein concentration was then measured
sing a bicinchoninic acid (BCA) protein assay kit (Solarbio, Beijing, China).
he protein (10 −20 μg) was separated on SDS-PAGE gels (8%, 10%, or
2% gels) and transferred to the polyvinylidene fluoride (PVDF) membrane.
fter sealing in skim milk (5%), the membranes were treated with primary
ntibodies overnight at 4 °C. Subsequently, the membranes were treated with
orresponding goat anti-mouse/rabbit HRP-conjugated secondary antibodies 
Code No. SE131 and SE134, 1:5000 dilution), and those antibodies
ere obtained from Solarbio ( http://www.solarbio.com/ ). An ECL reagent

olution (Solarbio) was used to visualize the protein bands. The expression
evel of the target protein was standardized by the expression of GAPDH.
he primary antibodies utilized for Western blot were shown in Table 2 . 

CK-8 assay 

The viability of PDIA6 overexpressing cells or PDIA6-silenced cells was
easured by CCK-8 assay. The PC cells were placed into 96-well plates (4000

ells per well). Cells were cultured in an incubator for 0, 24, 48, 72, or 96 h.
fter that, CCK-8 detection was performed. 

Natural killer (NK) cells and PC cells were mixed at mixture ratios of 2:1,
:1, and 1:2 in a 96-well plate and incubated for 48 h. Five replicates were
esigned for each group. Thereafter, CCK-8 detection was performed. 

For CCK-8 detection, cells were treated with CCK-8 (10 μl, Beyotime,
hanghai, China) for 1 h in an incubator at 37 °C with 5% CO 2 . A microplate

http://gepia.cancer-pku.cn/
http://www.hitpredict.org/
http://www.addgene.org/19286/
http://www.solarbio.com/
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Table 2 

The primary antibodies used for Western blot. 

Antigen Manufacturer Host Clonality Clone number Dilution 

cyclin D1 ABclonal (Code No.A19038) Rabbit Monoclonal 1:10 0 0 

c-MYC ABclonal (Code No. A1309) Rabbit Polyclonal 1:500 

PCNA ABclonal (Code No. A12427) Rabbit Monoclonal 1:10 0 0 

pro/cleaved-caspase 3 ABclonal (Code No. A19654) Rabbit Monoclonal 1:10 0 0 

pro/cleaved ABclonal (Code No. A19596) Rabbit Monoclonal 1:10 0 0 

-PARP β-catenin ABclonal (Code No. A19657) Rabbit Monoclonal 1:10 0 0 

CSN5 ABclonal (Code No. A4087) Rabbit Monoclonal 1:500 

PDIA6 ABclonal (Code No. A7055) Rabbit Polyclonal 1:500 

MMP2 Proteintech (Code No. 10373-2-AP) Rabbit Polyclonal 1:500 

MMP9 Proteintech (Code No. 10375-2-AP) Rabbit Polyclonal 1:10 0 0 

GAPDH Proteintech (Code No. 60 0 04-1-Ig) Mouse Monoclonal 1:10 0 0 0 

PD-L1 Proteintech (Code No. 17952-1-AP) Rabbit Polyclonal 1:10 0 0 

p- β-catenin Affinity (Ser33/Ser37/Thr41) (Code No. DF2989) Rabbit Polyclonal 1:10 0 0 
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reader (BioTek Instruments, Winooski, VT, USA) was used to detect the
absorbance value at 450 nm. 

Colony formation assay 

Cells were inoculated in 35 mm petri dishes with 300 cells per plate when
reached about 90% confluence. The petri dishes were placed in an incubator
at 37 °C with 5% CO 2 for 2 weeks. After being washed, cells were treated
with paraformaldehyde (4%) for 15 min and then Giemsa solution for 5 min.
Finally, the colony formation rate was calculated. 

Wound–healing assay 

The cells were cultured to the density of the fusion state. Wounds were
made using a pipette tip (200 μl). After washed with serum-free medium,
the cells of each group were placed in an incubator at 37 °C supplied with
5% CO 2 for 0 h and 48 h, respectively, for photo recording (100 ×,
magnification). 

Transwell assay 

Transwell chamber coated with Matrigel was seeded in 24-well plates. In
the lower chamber, the culture medium (800 μl) supplemented with 10%
FBS was added. The upper chamber was added with cell suspension (200
μl), and the number of cells was 2 × 10 4 per well. After incubation for 48 h,
the invading cells were fixed with paraformaldehyde and treated with crystal
violet. Finally, the invading cells were measured under a microscope (200 ×,
magnification; Olympus, Tokyo, Japan). 

MTT assay 

The viability of DDP-treated cells was detected by MTT assay. Briefly,
cells (4 × 10 3 /well) were plated into 96-well plates. After incubation with
DDP (0, 2, 4, 8, 16, or 32 μM) for 72 h, the MTT assay was performed. Next,
cells were treated with 0.5 mg/mL MTT solution (Beyotime) maintained
in an incubator at 37 °C for 4.5 h. After the addition of DMSO (100 μl)
for solubilization of formazan, the cell viability was measured by detecting
the optical density (OD) value at 570 nm by a microplate reader (BioTek
Instruments). 

Apoptosis analysis 

An Apoptosis Detection Kit (KeyGen, Nanjing, China) was used to
analyze cell apoptosis. The cells (1 × 10 5 /well) were plated into 6-well plates
nd cultured for 48 h. Cells were then stained with Annexin V-PE (5 μl)
nd 7-AAD (5 μl) for 15 min. Cell apoptosis was analyzed using a flow
ytometer (ACEA Biosciences, San Diego, CA, USA), and the apoptotic rate 
as calculated. 

ouse experiments 

Healthy male BALB/c nude mice (16 ± 1 g) aged 6 weeks were purchased
rom Beijing Huafukang Biotechnology Co., Ltd. (Beijing, China). The 
etails of housing and husbandry conditions were: 12:12 h light/dark cycle, 
2 ± 1 °C (temperature), and 45% to 55% (humidity). Mice were given 
ree access to water and food. Six mice were kept in a cage. The cancer
odel was established after 1 week of adaptive feeding. Forty-eight mice 
ere randomly divided into the following groups ( n = 6 each group):

hRNA-NC (injected with PANC-1 or AsPC-1 cells transfected with shRNA- 
C), shRNA1-PDIA6 (injected with PANC-1 or AsPC-1 cells with stable 

nockdown of PDIA6), shRNA2-PDIA6 (injected with PANC-1 or AsPC-1 
ells with stable knockdown of PDIA6), OV-NC (injected with BxPC-3 cells 
ransfected with OV-NC), and OV-PDIA6 (injected with BxPC-3 cells with 
table overexpression of PDIA6). shRNA-NC and OV-NC served as control 
roups. PC cells in the logarithmic growth phase (a total of 2 × 10 6 cells in 50
l of Matrigel per cell type) were subcutaneously injected into the nude mice.
very 3 days, the 2 perpendicular diameters of tumors were detected, and the
umor volume was calculated. After 21 days, the mice were euthanized by 
ntraperitoneal injection of sodium pentobarbital (200 mg/kg), and tumor 
issues were collected for the following experiments. 

mmunohistochemistry (IHC) 

The tumor tissues were embedded and dissected into sections (5 μm). 
fter dewaxing and hydration, the sections were treated with H 2 O 2 (3%) 

or 15 min to eliminate the activity of endogenous peroxidase, followed 
y goat serum incubation for 15 min to prevent nonspecific binding. 
mmunostaining was conducted using the primary antibody purchased 
rom ABclonal, followed by the incubation of goat anti-rabbit secondary 
ntibody (Code No. #31460, ThermoFisher Scientific, Pittsburgh, PA, USA, 
:500 dilution). Before being counterstained with hematoxylin, sections were 
ncubated with DAB color development reagent (Solarbio) to develop the 
rown reaction color. Finally, after dehydration and sealing, the sections 
ere observed under the microscope (400 ×, magnification, Olympus). The 
rimary antibodies used for IHC were shown in Table 3 . 
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Table 3 

The primary antibodies used for Immunohistochemistry. 

Antigen Manufacturer Host Clonality Clone number Dilution 

Ki67 ABclonal Rabbit Polyclonal 1:100 

MMP2 (Code No. A2094)ABclonal (Code No. A11144) Rabbit Polyclonal 1:100 

β-catenin ABclonal (Code No. A19657) Rabbit Monoclonal 1:100 

PD-L1 ABclonal (Code No. A1645) Rabbit Polyclonal 1:100 
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Immunofluorescence (IF) 

Cell sections were fixed in paraformaldehyde (4%) for 15 min and
then treated with 0.1% TritonX-100 for 30 min. The cells were sealed
with goat serum (Solarbio) at room temperature for 15 min and incubated
with an antibody against β-catenin (Code No. A19657, ABclonal, Wuhan,
China, 1:100 dilution) at 4 °C overnight. Subsequently, the sections were
incubated with the secondary antibody, Cy3-labeled anti-rabbit IgG (Code
No. A0516, Beyotime, 1:200 dilution) and counterstained with DAPI
(Aladdin, Shanghai, China). The images were captured under a fluorescence
microscope (400 ×, magnification, Olympus). 

β-catenin activity detection 

The β-catenin activity was analyzed using the luciferase reporter assay. In
brief, cells were co-transfected with pRL-TK, M50 Super8 × TOP Flash, and
shRNAs/plasmids, and luciferase activities were detected by using a Luciferase
Detection Kit (Promega, Madison, WI, USA). The β-catenin activity was
assessed by the ratio of Firefly luciferase activity to Renilla luciferase activity.

NK cell activation assay 

NK cell activation was evaluated by detecting the concentration of
Granzyme B and the pro-inflammatory cytokines MIP-1 α, IFN- γ , and
TNF- α. Their levels were detected by enzyme-linked immunosorbent assay
(ELISA) using Human ELISA detection kits (USCN, Wuhan, China) as per
the manufacturer’s protocols. 

Co-immunoprecipitation assay and ubiquitination assay 

The co-immunoprecipitation assay was conducted to determine the
relationship between PDIA6 and CSN5. The ubiquitination assay was
performed to detect the ubiquitination of β-catenin and PD-L1. Briefly, total
protein was obtained from PC cells as described in the Western blot section.
The protein extract was incubated with 1 μg primary mouse-anti CSN5
antibody (Code No. sc-13157; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) or mouse-anti PDIA6 antibody (Code No. sc-365260; Santa Cruz)
or its corresponding negative control IgG overnight at 4 °C. Subsequently,
the antigen-antibody complexes were captured by incubation with Protein
A Agarose beads (60 μl) for 2 h at 4 °C. Agarose bead-antigen antibody
complexes were collected by centrifugation, dissolved in 60 μl protein loading
buffer, and boiled for 5 min, followed by Western blot. The primary rabbit
antibodies against CSN5 and PDIA6 used for Western blot were purchased
from ABclonal ( https://abclonal.com.cn/ ) and presented in Table 2 . 

GST-pull down assay 

Full-length cDNA of PDIA6 was synthesized by PCR amplification
using primers with EcoR Ⅰ and Xho Ⅰ restriction sites. The primers were:
F: 5 ′ …AACGTCGACATGGCTCTCCTGGTGCTCGGT…3 ′ ; R:
 

′ …CCAGCGGCCGCCAACTCATCTTTCCCTAAGT…3 ′ . The 
DIA6 cDNA was then cloned into the pGEX-4T-1 vector (Unibio,
hongqing, China) with glutathione S-transferase (GST) tag to obtain 
ST-PDIA6 fusion protein. The pGEX-4T-1-PDIA6 vector was then 

ransformed into Escherichia coli ( E. coli ). GST-PDIA6 was overexpressed in
. coli , and GST-agarose resin was used for the affinity purification of the
ST-PDIA6 fusion protein from cell lysates. Subsequently, bait-prey protein 

omplexes contained in eluted samples were corrected by using elution buffer
nd analyzed by SDS-PAGE and Western blot. 

tatistical analysis 

GraphPad Prism 7 software was used for data analysis. Data were expressed
s mean ± standard deviation (SD). For comparisons between 2 groups, an
npaired Student’s t test was performed. For comparisons among 3 or more
roups, one-way ANOVA or two-way ANOVA with Tukey’s post-tests were
erformed. P < 0.05 was considered statistically significant. 

esults 

DIA6 is overexpressed in PC tissues and cells and is connected with the 
oor prognosis of patients with PC 

At first, the PDIA6 expression in PC tissues and the adjacent normal
issues was measured. Western blot results showed that 26 of 28 pairs of PC
issues showed higher levels of PDIA6 than their adjacent non–cancer tissues
 Fig. 1 A and C). According to the data analyzed by GEPIA (based on RNA-
eq results of tumor samples and corresponding normal samples in TCGA
nd the GTEx databases) [12] , PC patients with high PDIA6 expression
ad a worse prognosis than those with low PDIA6 expression ( Fig. 1 C).
oreover, PDIA6 overexpression was also observed in PC cell lines (CFPAC-

, SW1990, AsPC-1, MIA PaCa-2, BxPC-3, and PANC-1) relative to the
TERT-HPNE cells ( Fig. 1 D). Among them, PANC-1 and AsPC-1 cells with
he highest PDIA6 expression level and BxPC-3 cells with the lowest PDIA6
xpression level were selected for subsequent experiments. 

DIA6 promotes the growth and metastasis of PC cells 

To further investigate the function of PDIA6 in PC cells, the PC cell
ines with stable overexpression/knockdown of PDIA6 were established, and 
he expression levels of PDIA6 were verified by Western blot ( Fig. 2 A).
esults showed that the cell viability and colony formation were dramatically
isrupted by PDIA6 silencing but promoted by PDIA6 overexpression 
 Fig. 2 B and C). Meanwhile, PCNA, an essential protein that participates in a
ariety of processes of DNA metabolism [19] , c-MYC and cyclin D1, drivers
f cell cycle progression [ 20, 21 ], were used to confirm cell proliferation. The
rotein expression levels of PCNA, c-MYC, and cyclin D1 were decreased
pon PDIA6 knockdown but increased by PDIA6 overexpression ( Fig. 2 D).
imilarly, the migration and invasion ability of PC cells was significantly
eakened by PDIA6 silencing but enhanced by PDIA6 overexpression 

https://abclonal.com.cn/
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Fig. 1. PDIA6 is overexpressed in PC tissues and cells and is connected with the poor prognosis of patients with PC. (A and B) Relative protein levels of PDIA6 in 28 
pairs of PC tissues and paracarcinoma tissues. (C) Overall survival rate and disease-free survival rate of PC patients with high/low PDIA6 expression obtained 
from the TCGA database. (D) Western blot was conducted to assess PDIA6 protein levels in human PC cell lines (PANC-1, BxPC-3, AsPC-1, CFPAC-1, 
SW1990, and MIA PaCa-2) and human pancreatic ductal epithelial cell line hTERT-HPNE. N = 3. Data were mean ± SD. Paired t test, one-way ANOVA 

with Tukey’s post-tests. 
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P  
( Fig. 3 A and B). Meanwhile, PDIA6 knockdown decreased MMP2 and
MMP9 protein levels, while PDIA6 upregulation showed the opposite effects
( Fig. 3 C). These data suggested that PDIA6 promoted PC progression by
promoting cell proliferation, invasion, and migration. 
DIA6 reduces the chemotherapy sensitivity of PC cells to DDP 

We next explored the effect of PDIA6 on the chemotherapy sensitivity of 
C cells to DDP. As demonstrated by the MTT assay, all the cells exhibited
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Fig. 2. PDIA6 promotes proliferation of PC cells. (A) The knockdown/overexpression efficiency of PDIA6 in PC cells was assessed by Western blot. (B) CCK-8 
detection of cell viability in cells with PDIA6 overexpression or knockdown. (C) Analysis of cell colony formation capacity in cells with PDIA6 overexpression 
or knockdown. (D) PCNA, c-MYC, and cyclin D1 protein levels were assessed by Western blot after PDIA6 inhibition or overexpression. N = 3. ∗P < 0.05, 
∗∗P < 0.01, and ∗∗∗P < 0.001. Data were mean ± SD. Unpaired Student’s t test, one-way ANOVA and two-way ANOVA with Tukey’s post-tests. 
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a marked decrease in cell viability with the increase of DDP concentration,
which was further enhanced by PDIA6 knockdown and attenuated by PDIA6
overexpression ( Fig. 4 A). Compared to relative control cells, the IC 50 values
of DDP were significantly lower in PDIA6-silenced cells and higher in
PDIA6-overexpressing cells ( Fig 4 B). DDP-induced apoptosis of PC cells was
enhanced by PDIA6 downregulation and weakened by PDIA6 overexpression
 Fig. 4 C). Western blot analysis showed that DDP administration increased
leaved/pro-caspase 3/PARP ratios (apoptosis markers), and the ratios 
ere further increased by PDIA6 silencing but decreased by PDIA6
verexpression ( Fig. 4 D). These findings indicated that PDIA6 expression
as negatively associated with the chemotherapy sensitivity of PC cells to
DP. 
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Fig. 3. PDIA6 promotes migration and invasion of PC cells. (A and B) Cell migration abilities and invasive potential were determined in response to PDIA6 
knockdown or overexpression. (C) Relative protein levels of MMP2 and MMP9 after knockdown or overexpression of PDIA6 in PC cells. N = 3. ∗P < 0.05, 
∗∗P < 0.01, and ∗∗∗P < 0.001. Data were mean ± SD. Unpaired Student’s t test and one-way ANOVA with Tukey’s post-tests. 
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PDIA6 promotes tumor growth in vivo 

To determine whether PDIA6 influences tumor growth in vivo , sh-PDIA6
or OV-PDIA6 stably transfected cells were injected into mice. After injection
for 21 days, the volume and weight of tumors in mice bearing PDIA6-silenced
ells were markedly decreased in comparison to mice bearing control cells 
 Fig. 5 A-C). Conversely, the volume and weight of tumors in nude mice
earing PDIA6-overexpressing cells were markedly increased ( Fig. 5 A-C). In 
ddition, the protein levels of PDIA6, c-MYC, PCNA, MMP2, MMP9, PD- 
1, and β-catenin were notably reduced in tumor tissues of mice bearing 
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Fig. 4. PDIA6 reduces the chemotherapy sensitivity of PC cells . (A) The cell viability of PDIA6-silenced or -overexpressing cells treated with different 
concentrations of DDP (0, 2, 4, 8, 16, and 32 μM) was determined by MTT assay. (B) The IC 50 value of DDP was calculated in cells with PDIA6 
overexpression or knockdown. (C) The apoptotic rate was detected by flow cytometry in PDIA6-silenced or -overexpressing cells treated with or without 
DDP. (D) Western blot assays detected the protein expression of pro/cleaved caspase 3 and pro/cleaved PARP in PDIA6-downregulated or -overexpressing 
cells in the presence or absence of DDP. N = 3. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. Data were mean ± SD. Unpaired Student’s t test and one-way 
ANOVA with Tukey’s post-tests. 
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Fig. 5. PDIA6 promotes tumor growth in vivo . (A-C) The images, volume, and weight of tumor tissues were shown after mice were injected with PC cells with 
stable high/low expression of PDIA6. (D) PDIA6, c-MYC, PCNA, MMP2, MMP9, PD-L1, and β-catenin protein levels in tumor tissues were measured 
by Western blot. N = 6. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. Data were mean ± SD. Unpaired Student’s t test and one-way ANOVA and two-way 
ANOVA with Tukey’s post-tests. 
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PDIA6-silenced cells, while overexpression of PDIA6 had the opposite effects
( Fig. 5 D). The changes in cell proliferation, migration, cellular immunity,
and β-catenin pathway in tumor tissues were further confirmed by IHC
taining (SF. 1A). Moreover, results of the TUNEL assay showed that PDIA6 
nockdown significantly increased the cell apoptosis in tumor tissues, whereas 
DIA6 overexpression decreased the cell apoptosis (SF. 1B). These data 
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revealed that PDIA6 played an important role in tumor growth in vivo ,
in which the β-catenin signaling pathway and immune evasion might be
involved. 

PDIA6 promotes PC cells to evade immune surveillance 

To explore the role of PDIA6 in immune escape, NK-92 cells were
used as the effector cell population. As a marker of immune escape, PD-L1
protein level was significantly decreased by PDIA6 silencing but increased
by PDIA6 overexpression ( Fig. 6 A). After being co-cultured with NK-92
cells, the cell viability of PDIA6-silenced or -overexpressing PC cells were
detected by MTT assay to assess the NK-92 cell cytotoxicity. The results
showed that knockdown of PDIA6 sensitized PC cells to NK-92 cell cytolysis,
while PDIA6 overexpression reduced the sensitivity of PC cells to NK-
92 cell cytotoxicity ( Fig. 6 B). Granzyme B, MIP-1 α, IFN- γ , and TNF- α
are part of the innate immune response and are mainly produced by NK
and natural killer T (NKT) cells [ 22, 23 ]. Interestingly, it was shown that
PDIA6 knockdown alone had no significant effect on Granzyme B, MIP-
1 α, IFN- γ , and TNF- α levels in PC cells. After co-incubation with NK-
92 cells, we observed a sharp increase in the concentration of Granzyme
B, MIP-1 α, IFN- γ , and TNF- α in co-culture supernatants when PDIA6
was downregulated, while PDIA6 overexpression dramatically decreased the
release of these cytokines ( Fig. 6 C). These data supported that PDIA6
reduced the susceptibility of PC cells to NK cell-mediated cytotoxicity. 

PDIA6 activates the β-catenin pathway by regulating β-catenin 

stability 

We further investigated the underlying mechanism of PDIA6 in PC
progression. As shown by results from Western blot analysis, the protein
level of β-catenin in PDIA6-silenced cells was significantly decreased, and
its phosphorylation level was increased compared with those in the control
group, while PDIA6 overexpression had the opposite effects ( Fig. 7 A). IF
staining indicated that the translocation of β-catenin to the nucleus was
markedly inhibited by PDIA6 downregulation and promoted by PDIA6
overexpression ( Fig. 7 B). In parallel, the β-catenin activity was significantly
decreased in PDIA6-silenced cells, while PDIA6 overexpression increased
the β-catenin activity ( Fig. 7 C). The changes of the β-catenin pathway in
PDIA6 or CSN5-silenced cells treated with proteasome inhibitor, MG132
were also measured. As presented in SF. 2A-D, PDIA6 or CSN5 knockdown
significantly reduced β-catenin protein levels and activity but increased its
phosphorylated form in the DMSO-treated cells. However, after the addition
of MG132, β-catenin protein levels, its phosphorylation level, and activity
were markedly increased (SF. 2A-D). These results suggested that PDIA6
activated the β-catenin pathway, which might be associated with the stability
of β-catenin. 

To confirm this possibility, a β-catenin-S33Y mutant plasmid, resistant
to ubiquitin degradation [18] , was used to show whether the increase in
the stability and expression of β-catenin reversed the effects of PDIA6
knockdown on PC cells. It was shown that the transfection of β-catenin-S33Y
mutant plasmid increased the viability, invasion, and migration capability of
PDIA6-silenced cells ( Fig. 7 D-F). Accordingly, the protein levels of c-MYC,
PCNA, MMP2, and MMP9 were visibly increased in PDIA6-silenced cells
transfected with β-catenin-S33Y plasmids compared with cells transfected
with empty vectors ( Fig. 7 G). Meanwhile, after transfection of the β-catenin
overexpressing plasmid, which was not resistant to degradation, phenotypic
changes of PDIA6 under-expressing cells were also detected in the presence
of MG132. The results showed that β-catenin overexpression reversed the
effects of PDIA6 knockdown on cellular malignant phenotype, and MG132
treatment further enhanced the effects mediated by β-catenin overexpression
(SF. 2E-G). However, compared with the β-catenin-S33Y plasmid, the β-
catenin overexpressing plasmid, which was not resistant to degradation,
as a weaker effect ( Fig. 7 D-F and SF. 2E-G). These data suggested that
DIA6 might activate the β-catenin pathway by regulating the stability of β-
atenin, and PDIA6 promoted the development of PC through the β-catenin
ignaling. 

DIA6 inhibits the ubiquitination of β-catenin and PD-L1 by 
p-regulating the expression of CSN5 

The mechanism by which PDIA6 regulated the expression of PD-L1 and
-catenin was further explored. As presented in Fig. 8 A, PDIA6 knockdown
nhanced the ubiquitination of β-catenin and PD-L1, whereas PDIA6 
verexpression decreased their ubiquitination. Moreover, the decreased 
biquitination of β-catenin and PD-L induced by PDIA6 overexpression 
ere reversed by CSN5 inhibition ( Fig. 8 B). Furthermore, results of

o-immunoprecipitation detection showed that the PDIA6 protein was 
ulled down by the anti-CSN5 antibody, and CSN5 was also co-

mmunoprecipitated with PDIA6 by an anti-PDIA6 antibody ( Figure 8 C),
ndicating that there was an interaction between PDIA6 and CSN5. GST-
ull down assay also confirmed the interaction between PDIA6 and CSN5
 Figure. 8 D). Western blot and RT-PCR analysis further confirmed that
DIA6 silencing decreased CSN5 expression at both protein and mRNA

evels, whereas PDIA6 overexpression exerted the opposite effects ( Fig. 8 E
nd SF. 3C). Those data indicated that PDIA6 promoted CSN5 protein
xpression and further inhibited the ubiquitination of β-catenin and PD-L1.

DIA6 promotes PC progression by up-regulating the expression of 
SN5 

The overexpression efficiency of CSN5 in BxPC-3 cells was verified by
estern blot (SF. 4). As presented in Fig. 9 A, CSN5 overexpression decreased

he phosphorylation of β-catenin but increased β-catenin and PD-L1 levels.
ecreased β-catenin and PD-L1 ubiquitination were observed in CSN5- 

verexpressing cells ( Fig. 9 B). Whether CSN5 is involved in PDIA6-mediated
ellular function was further examined by a series of rescue experiments. It was
hown that PDIA6 overexpression significantly increased the cell viability and
apability of invasion and migration of PC cells, which were offset by CSN5
ownregulation ( Fig. 9 C-D). Additionally, the increased β-catenin and PD-
1 protein levels and the decreased p- β-catenin level induced by PDIA6
verexpression were also reversed by CSN5 silencing ( Fig. 9 E). Overall,
hese data suggested that PDIA6 participated in the development of PC by
nteracting with CSN5. 

iscussion 

The PDI family contains 21 members with different structures and
unctions [24] . It was reported that members of the PDI protein family
ere overexpressed in cancer progression, including brain and other central
ervous system cancers and male germ cell tumors [25] . PDIA6, one of
he PDI family members, was proved to be overexpressed in NSCLC, and
igher PDIA6 expression was correlated with a poorer prognosis [8] . Similar
o previous studies [ 9, 26 ], the present study demonstrated that PDIA6 was
ositively associated with the growth, metastasis, and sensitivity to cisplatin
f PC cells. Moreover, bioinformatics analysis showed that PC patients with
igh PDIA6 expression had a poor prognosis. Altogether, we demonstrate
hat PDIA6 promotes the development of PC. 

NK cells are large granular lymphocytes derived from bone marrow
nd act as a cancer cell killer [ 27, 28 ]. When NK cells are activated,
ytotoxic particles containing perforin and various Granzyme enzymes, such 
s Granzyme B, are released, leading to target cell perforation, then the
ermeable Granzyme induces cell apoptosis and death [ 29, 30 ]. Another
echanism by which NK cells work is secreting a variety of cytokines and
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Fig. 6. PDIA6 promotes PC cells to evade immune surveillance . (A) PD-L1 protein levels were detected through western blot experiments after the downregulation 
or overexpression of PDIA6. (B) The cytolytic activity of NK-92 cells against PC cells with PDIA6 knockdown or overexpression was assessed using the CCK-8 
assay. (C) Effects of PDIA6 knockdown or overexpression on the concentration of Granzyme B, MIP-1 α, IFN- γ , and TNF- α in co-culture supernatants of 
NK cells and PC cells. N = 3. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. Data were mean ± SD. Unpaired Student’s t test and one-way ANOVA and two-way 
ANOVA with Tukey’s post-tests. 
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chemokines, including MIP-1 α, IFN- γ , and TNF- α [31] . Herein, we found
that these factors were affected by PDIA6 expression only after PC cells were
co-incubated with NK-92 cells. The findings suggest that PDIA6 may not
affect the release of immune factors from PC cells themselves, but affects the
binding of cancer cells to NK cells and thus stimulates NK cell activation.
Our results are similar to previous studies [32] . 
CSN5 is a critical subunit of the COP9 signalosome and is essentially 
nvolved in diverse types of cancer, including PC [15] . It was analyzed by
EPIA that CSN5 was highly expressed in PC tissues, and the 5-year survival

ate of PC patients with high CSN5 expression was lower than those with
ower CSN5. Additionally, high expression of CSN5 was positively correlated 
ith TNM staging and distant metastasis of patients with PC [15] . Overall,
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Fig. 7. PDIA6 activates the β-catenin pathway . (A) P- β-catenin (Ser33/Ser37/Thr41) and β-catenin protein expression was determined by Western blot 
after the downregulation or overexpression of PDIA6. (B) Immunofluorescence analysis of β-catenin expression and location in PDIA6-downregulated or 
-overexpressing cells. (C) The β-catenin activity was assessed by luciferase reporter assay after the downregulation or overexpression of PDIA6. (D-F) The 
effects of β-catenin overexpression on viability, migration, and invasion were detected in PDIA6-downregulated cells. (G) The c-MYC, PCNA, MMP2, and 
MMP9 protein expression was detected in PDIA6-downregulated cells transfected with β-catenin overexpression plasmids. N = 3. ∗P < 0.05, ∗∗P < 0.01, 
and ∗∗∗P < 0.001. Data were mean ± SD. Unpaired Student’s t test and one-way ANOVA and two-way ANOVA with Tukey’s post-tests. 
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these results suggest that CSN5 may be a prognostic marker in PC. In
the present study, we proved that PDIA6 upregulated CSN5 expression.
Rescue experiments further indicated that CSN5 mediated the regulation
of PDIA6 in PC progression. For instance, the promoting effect of PDIA6
overexpression on cell viability was offset by CSN5 silencing. PDIA6, known
as endoplasmic reticulum sulfhydryl disulfide oxidoreductase, is involved in
the formation of disulfide bonds [33] . The formation of disulfide bonds is an
important post-translational modification of proteins and is also a key step
for the correct folding of new peptides in the endoplasmic reticulum [ 24,
34 ]. Based on the function of PDIA6, PDIA6 may affect the expression of
CSN5 by regulating the formation of disulfide bonds in CSN5 and further
ncreasing the correct folding of mature CSN5 proteins. Interestingly, PDIA6
as also proved to affect the expression of CSN5 at the mRNA level, which
rovided the possibility for PDIA6 to regulate the transcription of CSN5. 

CSN5 has been reported to interact with multiple signaling molecules and
egulate various cellular processes, including cell proliferation and apoptosis 
35] . In addition, CSN5 exerts deubiquitination activity. For instance, the
eubiquitination of HSP70 and Snail induced by CSN5 regulated exosomal
rotein sorting and enhanced the invasion and migration of cancer cells [ 36,
7 ]. CSN5 could directly bind to FOXM1 and reduced its ubiquitination
o enhance the protein stability of FOXM1 [15] . Furthermore, CSN5 was
eported to inhibit the ubiquitination of PD-L1 and β-catenin [ 16, 38 ],
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Fig. 8. PDIA6 inhibits the ubiquitination degradation of β-catenin and PD-L1 by up-regulating CSN5 expression . (A) Co-IP and Western blot were used to 
detect the ubiquitination levels of β-catenin and PD-L1 after the knockdown or overexpression of PDIA6. (B) The ubiquitination levels of β-catenin and 
PD-L1 were detected in PDIA6-overexpressing cells transfected with sh-CSN5. (C) Co-IP assay and Western blot were conducted to detect the relationship 
between PDIA6 and CSN5. (D) GST-pull down assay and Western blot was performed to determine the interaction between PDIA6 and CSN5. (E) CSN5 
protein levels were assessed through western blot experiments after the downregulation or overexpression of PDIA6. N = 3. ∗∗P < 0.01, and ∗∗∗P < 0.001. 
Data were mean ± SD. Unpaired Student’s t test and one-way ANOVA with Tukey’s post-tests. 
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Fig. 9. PDIA6 promotes the development of PC by up-regulating CSN5 expression . (A) Relative protein levels of p- β-catenin (Ser33/Ser37/Thr41), β-catenin, 
and PD-L1 in BxPC-3 cells after the overexpression of CSN5. (B) Co-IP combined with Western blot was performed to measure the ubiquitination levels 
of β-catenin and PD-L1 in CSN5-overexpressing cells. (C-D) The cell viability, migration, and invasion of BxPC-3 cells were detected after the PDIA6- 
overexpressing cells were treated with or without CSN5 shRNA. (E) The protein levels of p- β-catenin (Ser33/Ser37/Thr41), β-catenin, and PD-L1 were 
measured by Western blot in the PDIA6-overexpressing cells treated with or without CSN5 shRNA. N = 3. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. # P < 

0.05 and ### P < 0.001. Data were mean ± SD. Unpaired Student’s t test and one-way ANOVA and two-way ANOVA with Tukey’s post-tests. 
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which was confirmed in the present study. β-catenin that is phosphorylated
at residues Ser33/Ser37/Thr41 is ultimately recognized by the β-TrCP E3
ubiquitin–ligase complex, ubiquitinylated, and rapidly degraded by the 26S
proteasome [39] . Previous studies indicated that CSN5 depletion in K562
cells resulted in a modest reduction of β-TrCP, including mRNA and protein
levels [40] . Herein, we demonstrate that PDIA6 may also regulate the β-
catenin pathway through the CSN5/ β-TrCP axis. 

The β-catenin signaling is an evolutionally conserved general pathway
and regulates embryonic development, tissue dynamic balance, and a variety
of human diseases [41] . Abnormal activation of the β-catenin pathway leads
to the accumulation of β-catenin in the nucleus and further promotes the
transcription of many oncogenes, such as c-MYC and cyclin D1 [42] . It
was reported that the activation of β-catenin signaling led to the treatment
resistance in patients with PC and drove PC progression [ 43 44 ]. Herein,
we demonstrate that PDIA6 activates the β-catenin signaling through
upregulating CSN5 and further promoting PC progression. Furthermore,
β-catenin was reported to increase nuclear factor kappa B (NF- κB) activity
in colorectal cancer cells [45] . NF- κB mediated induction of membrane-
type 1 matrix metalloproteinase (MT1-MMP) in human skin [46] . Previous
studies indicated that MT1-MMP induced the cleavage of pro MMP2 and
pro MMP9 [47] . Therefore, the regulatory effect of β-catenin signaling on
cell invasion may be mediated by NF- κB. Besides, DDP, a commonly used
chemotherapeutic agent for solid tumors, is effective as a single agent or in
combination with other drugs for the treatment of cancers [48] . However,
DDP is known to be susceptible to drug resistance. The present study
indicates that PDIA6/CSN5/ β-catenin axis regulates the sensitivity of PC
cells to DDP, which provides new ideas for the clinical treatment of PC
patients. Furthermore, the activation of the β-catenin signaling was proved
to promote resistance to gemcitabine in PC cell lines [49] . These findings
suggest that PDIA6 may also affect the sensitivity of PC cells to gemcitabine,
which may be achieved by regulating the β-catenin pathway. 

PD-L1 is the ligand of PD-1, a receptor expressed on T cells to restrain
effector T-cell functions. By interacting with PD-1, PD-L1 could help
tumor cells evading the anti-tumor immune responses. PD-L1 was up-
regulated in tumor cells, and the upregulation of PD-L1 led to effective
immunosuppression and tumor immune escape [50] . PD-L1 expression in
cancer cells resulted in reduced NK cell responses and the generation of more
aggressive tumors in vivo [51] . Therefore, the effect of PDIA6 on NK cell
activation may be mediated by PD-L1. Overall, we demonstrate that PDIA6
may promote the immune escape of PC cells via increasing PD-L1 expression,
and this promotion may be mediated by CSN5. Of note, previous studies
proved that the activation of the β-catenin pathway in cancer cells induced
PD-L1 expression [ 52, 53 ]. The findings above demonstrate that CSN5 may
not only promote the immune escape of PC cells by directly regulating PD-L1
expression but also increase the expression of PD-L1 by indirectly activating
the β-catenin pathway. 

Collectively, we demonstrated that PDIA6 promoted the development
of PC via 2 pathways. The first pathway is that PDIA6 suppressed the
ubiquitination of β-catenin by up-regulating CSN5 and further enhanced the
proliferation, migration, invasion, and chemotherapy resistance of PC cells.
Another pathway is that the upregulation of CSN5 increased the stability
of PD-L1 through the deubiquitination of PD-L1, thereby promoted the
immune evasion of PC cells. However, as previous reports have shown, CSN5
regulates the ubiquitination of multiple downstream genes. Therefore, the
regulatory effect of CSN5 on the β-catenin pathway and PD-L1 discovered
in this study may be one of the important pathways for the PDIA6/CSN5
axis to participate in the development of PC. 
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