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ABSTRACT
Desmogleins (DSGs), with the ability to link adjacent cells, have been shown to participate in the
development of malignancy. DSG3 was up-regulated in various cancers, including lung, head and
neck, and esophagus squamous cell carcinoma, which contributed to the tumor progression. The
role of DSG3 in pancreatic ductal adenocarcinoma (PDAC) still remains elusive. Here, the
expression of DSG3 was found to be enhanced in pancreatic cancer cell lines in vitro. Functional
assays showed that shRNA-mediated knockdown of DSG3 decreased cell viability of pancreatic
cancer cells and retarded the cell proliferation, migration and invasion. However, pcDNA-
mediated over-expression of DSG3 exhibited reversed effect on pancreatic cancer cell
progression. In addition, the in vivo assay demonstrated that transfection of shDSG3 lentiviruses
into pancreatic cancer cells repressed the tumorigenicity of PDAC after the cancer cells were
transplanted into mice subcutaneously. Elevated DSG3 expression promoted the phosphorylation
of Src (p-Src), focal adhesion kinase (p-FAK) and AKT (p-AKT) in vitro, while silence of DSG3
reduced the expression of p-Src, p-FAK and p-AKT both in vitro and in vivo. In conclusion, DSG3,
as an oncogene, contributed to the tumorigenicity of PDAC through activating Src–FAK signaling.
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Introduction

Pancreatic cancer, a highly malignant tumor with poor
prognosis, is one of the most common causes of morbid-
ity and mortality worldwide (Chen et al. 2019). Although
chemotherapy and medical technology have improved
the overall survival of patients with pancreatic cancer,
the five-year survival is only 6–22% (Mishra and Guda
2017). Surgical resection is currently regarded as the
major therapy for treating pancreatic cancer, and the
novel therapies are urgently needed (Buanes 2017). Pan-
creatic ductal adenocarcinoma (PDAC) contributes to
more than 90% of pancreatic malignancies (Orth et al.
2019). The pathogenesis of PDAC is complex and not
well understood yet. Tumor metastasis has been widely
observed in majority of patients with PDAC before resec-
tion due to lack of early symptoms (Munis et al. 2018).
Moreover, patients with PDAC may usually experience
recurrence even after the surgery resection owing to
the metastatic growth (Munis et al. 2018). Therefore,
investigation on the pathogenesis, development
process, invasion and metastasis mechanism of PDAC
could provide experimental support and theoretical

basis for the early diagnosis and molecularly targeted
therapy of pancreatic cancer.

Desmogleins (DSGs), including DSG1, 2, 3, 4, func-
tion as cadherins and intercellular junctions in desmo-
some, which is important for the maintenance of tissue
integrity and architecture (Delva et al. 2009). DSGs
have been demonstrated to be implicated in various
cellular processes such as cell proliferation, differen-
tiation and morphogenesis (Thomason Helen et al.
2010). Besides, DSGs have been found to participate
in tumorigenicity of various cancers through mediating
the cell–cell adhesion and epithelial to mesenchymal
transition (Dusek and Attardi 2011). DSG3 was reported
to be either tumor suppressor or promoter (Brown and
Wan 2015). For example, DSG3 was reduced in oral
squamous cell carcinoma (Wang et al. 2007), which
was verified to promote the metastasis (Xin et al.
2014). On the contrary, DSG3 was enhanced in inverted
papilloma and squamous cell carcinoma (Huang et al.
2010), which facilitated head neck cancer cell growth
and invasion (Chen et al. 2013). In PDAC, high DSG3
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expression showed significantly negative correlation
with poor tumor differentiation and shorter patients’
survival, which suggests that DSG3 is a potential prog-
nostic biomarker of PDAC (Ormanns et al. 2015).
However, the role of DSG3 in the progression of
PDAC has not been reported yet.

This study investigated the in vitro and in vivo role of
DSG3 in PDAC progression and the underlying mechan-
ism. The meaning results would provide a new potential
therapeutic target for treating PDAC.

Materials and methods

Cell culture and transfection

Four pancreatic cancer cell lines (SW1990, BxPC-3, PANC-1
and ASPC-1) and healthy control cell line (hTert-HPNE)
were purchased from Biosci Biotechnology (Hubei,
China) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Lonza, Basel, Switzerland) containing
10% fetal bovine serum (Thermo Fisher Scientific,
Waltham,MA,USA). shDSG3andpcDNA-DSG3were separ-
ately constructed into pEGFP-N3 and pcDNA3-EGFP
vectors by GenePharma (Suzhou, China) to induce the
knockdown and over-expression of DSG3. BxPC-3 or
PANC-1 was transfected with shDSG3 or pcDNA-DSG3, as
well as the negative controls (shNC and empty vector)
via Lipofectamine2000 (SigmaAldrich, St. Louis,MO, USA).

qRT-PCR

Total RNAs extracted from pancreatic cancer cells were
reverse-transcribed into complementary DNA (cDNAs).
SYBR Green Master (Roche, Mannheim, Germany) was
applied to determine the messenger RNA (mRNA)
expression of DSG3 and GAPDH. GAPDH was used as
internal reference. The primers were listed as below:
DSG3: F 5′-TATGAACAACTACAAAGCGTGAAAC-3′ and R
5′-TTGGAAGCAGGACGGAAT-3′; GAPDH: F 5′-
GGATTGTCTGGCAGTAGCC-3′ and R 5′-ATTGTGAAAGG-
CAGGGAG-3′.

Cell viability and proliferation

The cell viability of pancreatic cancer cells was deter-
mined using cell counting kit-8 kit (Dojindo, Tokyo,
Japan) and the absorbance at 450 nm was measured
with a Microplate Autoreader (Thermo Fisher Scientific).
For cell proliferation analysis, BxPC-3 or PANC-1with indi-
cated transfections was cultured in six-well plate for two
weeks. Methanol-fixed and crystal violet-stained colonies
were observed and photographed using microscope
(Olympus, Tokyo, Japan).

EdU (5-ethynyl-2′′′′′-deoxyuridine) and Green
Fluorescent Protein (GFP) staining

BxPC-3 or PANC-1 cells were incubated with EdU or GFP
solution (Sigma Aldrich) for 2 h. Paraformaldehyde-fixed
cells were then incubated with 100 µL 1× Apollo® dyeing
reaction solution (Sigma Aldrich) and 4’,6-diamidino-2-
phenylindole (DAPI) solution (Sigma Aldrich) for
another 1 h. The fluorescence was observed under fluor-
escence microscope (Olympus).

Wound healing and transwell assays

BxPC-3 or PANC-1 cells with indicated transfection were
plated and scratched by a plastic tips. Twenty-four hours
later, the wound was calculated under the microscope.
For transwell assay, BxPC-3 or PANC-1 supplemented
with serum-free DMEM were seeded in the upper Matri-
gel-coated Transwell chamber (Corning Life Sciences,
Oneonta, NY, USA), and the bottom chamber was filled
with DMEM containing 20% fetal bovine serum. Forty-
eight hours later, the paraformaldehyde-fixed and
crystal violet-stained cells in the bottom chamber were
counted under the microscope.

Xenograft model

The study was approved by The Affiliated Cancer Hospital
of Xinjiang Medical University. According to the National
Institutes of Health Laboratory Animal Care andUse Guide-
lines, lentiviral-mediated silence of DSG3 by shDSG3 or the
negative control (shNC) was generated by GenePharma,
which was then transfected into HEK-293T cells to obtain
the lentiviruses. The lentiviruses were transfected into
BxPC-3 with 8 mg/mL polybrene through ViraPower™
Packaging Mix (Thermo Fisher Scientific). Cells with stable
silence of DSG3 were obtained following treatment with
5 μg/mL puromycin (Sigma Aldrich) for seven days. Ten
Balb/c nude mice (4–6-week-old and 18–20 g weight)
were purchased from Shanghai Laboratory Animal
Company (Shanghai, China) and randomly divided into
two groups: mice with shNC group and shDSG3 group.
Cells transfected with shDSG3 or shNC lentiviruses (5 ×
106) were subcutaneously injected into the right flank of
mice. Seven days later, the tumor volume was measured
every seven days for four weeks. The mice were sacrificed
by cervical dislocation, and the tumors were harvested for
further analysis after five weeks post-injection.

Immunohistochemistry

Paraformaldehyde-fixed and paraffin-embedded tumor
tissues were cut into 4-μm sections. Xylene-degreased
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and gradient alcohol-rehydrated sections were incu-
bated with sodium citrate buffer (pH 6.0) and then
blocked in 3% H2O2. Following incubation with specific
antibody against Ki67 (1:200, ab833, Abcam, Cambridge,
MA, USA) overnight, the sections were incubated with
corresponding secondary antibody and stained with dia-
minobenzidine and hematoxylin. Slides were observed
under the microscope.

Western blot

Proteins extracted from tumor tissue and cells were sep-
arated by Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and transferred to Polyvinyli-
dene Fluoride (PVDF) membranes (Sigma Aldrich). Fol-
lowing blockade with bovine serum albumin (Sigma
Aldrich) and incubation with primary antibodies against
DSG3 (1:2000, ab218380, Abcam), Src (ab47405) and p-
Src (1:2500, p-Tyr418, ab4816 Abcam), FAK (ab131435)
and p-FAK (1:3000, p-Tyr397, ab81298, Abcam), AKT
(ab235958) and p-AKT (1:3500, p-Ser 473, ab81283,
Abcam), and β-actin (1:4000, ab8227, Abcam), the mem-
brane was then incubated with HRP-conjugated second-
ary antibody (1:5000, ab205718, Abcam), and the signals
were detected with chemiluminescence system (Tanon,
Shanghai, China).

Statistical analysis

All data were presented as mean ± S.E.M. and then Stu-
dent’s t-test and one-way analysis of variance in Graph-
Pad Prism software were conducted. p value < 0.05 was
considered as statistical significance.

Results

DSG3 contributed to pancreatic cancer cell
growth

To investigate the role of DSG3 in PDAC, Real-Time
Quantitative Reverse Transcription PCR (qRT-PCR) was
applied to determine the expression of DSG3 in pancrea-
tic cancer cells. The result showed a significantly higher
expression of DSG3 in the four pancreatic cancer cell
lines (SW1990, BxPC-3, PANC-1 and ASPC-1) compared
with that in the healthy control cell line (hTert-HPNE)
(Figure 1A). BxPC-3 and PANC-1 were transfected with
shRNA-mediated knockdown of DSG3 (shDSG3) and
pcDNA-mediated over-expression of DSG3 (pcDNA-
DSG3), respectively. The transfection efficiency is
shown in Figure 1B. Cell viability of BxPC-3 was
decreased by shDSG3, while cell viability of PANC-1
was increased by pcDNA-DSG3 (Figure 1C). shDSG3

transfected BxPC-3 exhibited lower expression of DSG3
than shNC transfected cells, but pcDNA-DSG3 trans-
fected PANC-1 showed higher expression of DSG3 than
empty vector transfected cells (Figure 1D). shRNA-
mediated knockdown of DSG3 suppressed cell prolifer-
ation of BxPC-3 (Figure 1E), while pcDNA-mediated
over-expression of DSG3 promoted the proliferation of
PANC-1 (Figure 1E). Moreover, the result of EdU staining
also confirmed the anti-proliferative effect of shDSG3 on
pancreatic cancer cells (Figure 1F).

DSG3 promoted pancreatic cancer cell metastasis

Cell migration of BxPC-3 was repressed by shRNA-
mediated knockdown of DSG3, which was promoted in
PANC-1 by pcDNA-mediated over-expression of DSG3
(Figure 2A). Transfection with shDSG3 also retarded
cell invasion of BxPC-3 (Figure 2B), whereas transfection
with pcDNA-DSG3 played an opposite role in PANC-1
(Figure 2B). These results verified the anti-invasive
effect of shDSG3 on pancreatic cancer cells.

DSG3 facilitated the activation of Src–FAK–AKT
signaling in pancreatic cancer cell

Western blot analysis was applied to investigate the mech-
anism of DSG3-mediated pancreatic cancer progression. p-
Src, p-FAK and p-AKT were reduced in shDSG3 transfected
BxPC-3 thoughprotein expressionof Src, FAK andAKTwere
not changed by shDSG3 or pcDNA-DSG3 (Figure 3). Inver-
sely, p-Src, p-FAK and p-AKT were increased in pcDNA-
DSG3 transfected PANC-1 (Figure 3), suggesting that
DSG3 promoted the phosphorylation of Src, FAK and AKT
and facilitated the pancreatic cancer cell progression.

DSG3 boosted in vivo pancreatic cancer growth

The in vivo regulatory role of DSG3 on tumorigenicity of
pancreatic cancer was evaluated by a xenograft model.
Mice were injected with BxPC-3 cells with stable DSG3
silence. Tumor growth and tumor volume were signifi-
cantly decreased by injection with shDSG3 transfected
BxPC-3 cells compared to shNC transfected cells
(Figure 4A). The expression of Ki67 protein was
decreased in tumor tissues isolated from mice injected
with shDSG3 transfected BxPC-3 cells (Figure 4B). More-
over, injection of shDSG3 transfected BxPC-3 cells signifi-
cantly reduced DSG3 expression, and Src, FAK and AKT
phosphorylation (Figure 4C), indicating that knockdown
of DSG3 repressed in vivo growth of pancreatic cancer
through inactivating Src–FAK–AKT signaling.
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Figure 1. DSG3 promoted pancreatic cancer cell growth. (A) DSG3 was up-regulated in the four pancreatic cancer cell lines (SW1990,
BxPC-3, PANC-1 and ASPC-1) compared to the healthy control cell line (hTert-HPNE). (B) Transfection efficiency of shRNA-mediated
knockdown of DSG3 (shDSG3) and pcDNA-mediated over-expression of DSG3. (C) Cell viability of BxPC-3 was decreased by shDSG3
but increased by pcDNA-DSG3 in PANC-1. (D) shDSG3 transfected BxPC-3 exhibited lower expression of DSG3 than cell transfected
with shNC, and pcDNA-DSG3 transfected PANC-1 showed higher expression of DSG3 than cell transfected with empty vector. (E)
Cell proliferation of BxPC-3 was decreased by shDSG3, which was increased by pcDNA-DSG3 in PANC-1. (F) shDSG3 transfected
BxPC-3 had less EdU positive cells than cell transfected with shNC, while pcDNA-DSG3 transfected PANC-1 had more EdU positive
cells than cell transfected with empty vector. **p < 0.01.

Figure 2. DSG3 facilitated pancreatic cancer cell metastasis. (A) Cell migration of BxPC-3 was decreased by shDSG3, which was
increased by pcDNA-DSG3 in PANC-1. (B) Cell invasion of BxPC-3 was decreased by shDSG3, which was increased by pcDNA-DSG3
in PANC-1. **p < 0.01.
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Discussion

Loss of DSG1 and DSG2 in pancreatic tissues diminished
the cell–cell adhesion, thus facilitating for pancreatic
cancer cell invasion (Ramani et al. 2008). DSG3 cannot
be detected in six independent sections of pancreatic
adenocarcinoma or chronic pancreatitis tissues (Ramani
et al. 2008). However, high expression ofDSG3 in resected
PDAC tissues significantly reduced the survival time of
patients (Ormanns et al. 2015). Therefore, it is necessary
to investigate the oncogenic effect of DSG3 on PDAC.

DSG3 was found to be up-regulated in pancreatic
cancer cell lines (SW1990, BxPC-3, PANC-1 and ASPC-1),
which contributed to the pancreatic cancer cell growth
and metastasis. Nevertheless, silence of DSG3 impeded
the cell growth and metastasis. Moreover, interference
of DSG3 repressed the in vivo growth of pancreatic
cancer, furtherly confirming the oncogenic role of DSG3
on PDAC. Additionally, activation of an epithelial-to-
mesenchymal transition is obviously correlated with
tumor growth and metastasis in PDAC (Rodriguez-Aznar
et al. 2019). The proliferation of epithelial cells was
impaired by knockdown of DSG3 (Mannan et al. 2011),
so the effect of DSG3 on epithelial-to-mesenchymal tran-
sition of PDAC should be further explored.

Research has shown that DSG3 participated in the
activation of Rho GTPases, organization of specialized
membrane domains, regulation of Wnt/β-catenin

signaling and activator protein-1 to promote the
cancer progression (Brown and Wan 2015). Src functions
as a non-receptor cytoplasmic tyrosine kinase to trans-
mit signals following the stimulation of membrane
receptors and participates in multiple biological activi-
ties such as cell homeostasis, differentiation, prolifer-
ation, adhesion and migration (Guarino 2010).
Increased activity of Src was reported to promote
hyper-proliferation, migration, invasion and epithelial-
to-mesenchymal transition during cancer progression
(Guarino 2010). Src was over-expressed and activated
in PDAC (Alcalá et al. 2020), which promoted the metas-
tasis of PDAC (Ogawa et al. 2019). LY-1816, a Src inhibi-
tor, has been demonstrated to have clinical therapeutic
effect on PDAC (Yang et al. 2019). Some research has
shown that DSG3 can activate Src as a cell surface regu-
lator (Tsang et al. 2012). Increased DSG3 in cancer cells
promoted the tyrosine phosphorylation of Src (Tsang
et al. 2012) via the interaction with adherens junction
proteins, E-cadherin (Tsang et al. 2010), or by competing
with caveolin-1 (Wan et al. 2015). Consistent with pub-
lished work, the results in this study also demonstrate
that over-expression of DSG3 can promote the tyrosine
phosphorylation of Src, while knockdown of DSG3 got
opposite results both in vitro and in vivo. FAK and Src,
most connected adhesion components, are potential
therapeutic targets for cancer (Horton et al. 2016), and
phosphorylation of FAK in a Src-dependent manner

Figure 3. DSG3 activated Src–FAK–AKT signaling in pancreatic cancer cell. Protein expression of p-Src, p-FAK and p-AKT were reduced
in shDSG3 transfected BxPC-3, while enhanced in PANC-1 transfected with pcDNA-DSG3. **p < 0.01.
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could bind to p85 regulatory subunit of phosphatidyl-
inositol 3-kinase (Velling et al. 2004). FAK could also
promote cancer cell growth and proliferation through
taking part in p53 degradation (Zhou et al. 2019),
while inhibition of Src/FAK signaling resulted in the
regression of epithelial cell migration (Lee et al. 2018).

In addition, suppression of FAK could radiosensitize
PDAC cells (Mohamed et al. 2020). GSK2256098, an
inhibitor of FAK phosphorylation, has been shown to
inhibit PDAC cell growth and survival (Zhang et al.
2014). Coincidentally, our results also revealed that the
increased DSG3 in PDAC cells and tissues activated

Figure 4. DSG3 stimulated pancreatic cancer growth in vivo. (A) Tumor growth and tumor volume were repressed and decreased by
injection with shDSG3 transfected BxPC-3 cells (A) compared to the shNC transfected cells. (B) Protein expression of Ki67 was
decreased in tumor tissues isolated from mice injected with shDSG3 transfected BxPC-3 cells. (C) Injection with shDSG3 transfected
BxPC-3 cells significantly reduced protein expression of DSG3, p-Src, p-FAK and p-AKT. **p < 0.01.
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FAK/AKT signaling through increasing the phosphoryl-
ation of FAK and AKT. Moreover, interference of DSG3
reduced levels of p-FAK and p-AKT thus leading to the
inactivation of FAK/AKT pathway.

In summary, this study indicated that DSG3 was up-
regulated in PDAC cells, which promoted the prolifer-
ation and invasion of PDAC through activating Src/
FAK/AKT signaling. Silence of DSG3 contributed to the
in vitro suppression of cell survival and in vivo tumor
growth through inactivation of Src/FAK/AKT pathway.
Inhibitors of DSG3 might suppress growth and metasta-
sis of PDAC, which needs to be further investigated.
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