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Girdin regulates the proliferation and apoptosis of pancreatic
cancer cells via the PI3K/AKkt signalling pathway
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Abstract. Girdin functions as an Akt phosphorylation enhancer
(APE), which expedites the proliferation and survival of many
types of tumours. However, the influence of Girdin on pancre-
atic cancer and the underlying molecular mechanisms have yet
to be uncovered. Hence, in the present study, we sought to eluci-
date the function of Girdin in pancreatic cancer malignancy,
particularly its role in pancreatic cancer cell proliferation,
migration and apoptosis. Immunohistochemistry (IHC) was
used to evaluate Girdin expression in pancreatic cancer tissues
and to analyse its correlation with pathological grade. Girdin
expression was further validated in pancreatic cancer cell lines
(AsPC-1, BxPC-3 and PANC-1), and human pancreatic ductal
epithelial (HPNE) cells were used as a control. Recombinant
adenovirus vectors containing Girdin-siRNA were constructed
to inhibit Girdin expression and were used in subsequent
experiments to determine the effects of Girdin silencing on
pancreatic cancer cells. Girdin silencing suppressed pancre-
atic cancer cell proliferation and induced pancreatic cancer
cell apoptosis in vitro and in vivo. According to the results of
further mechanistic investigations, Girdin may regulate cell
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processes through the phosphatidylinositol-3-kinase/protein
kinase B (PI3K/Akt) signalling pathway to exert additive
effects on pancreatic cancer.

Introduction

Pancreatic cancer is one of the most common causes of
cancer-related death in humans and is characterized by
high malignant potential and poor patient prognosis. Over
50% of patients with pancreatic cancer present with distant
metastasis at diagnosis, and the 5-year survival rate is less
than 8% in the US (1). Similarly, a statistical analysis of the
incidence and mortality of cancer in China shows that the
mortality rate of pancreatic cancer is as high as 88% (2).
Pancreatic ductal adenocarcinoma (PDAC) is currently the
most common and highly malignant histological subtype of
pancreatic cancer (3). Despite improvements in medicine,
the mortality rate of pancreatic cancer has not significantly
improved in the past few decades. On one hand, its unique
anatomical location makes the disease difficult to diagnose.
On the other hand, most patients acquire resistance to
chemotherapy. Therefore, an understanding of the biological
characteristics and molecular mechanisms of pancreatic
cancer and the identification of new therapeutic targets are
current objectives and challenges.

Girdin was first reported by Japanese scientists (4); due
to its role in regulating intracellular microfilaments, some
researchers refer to it as ‘girders of actin filaments’. Girdin
has been shown to play an important role in the occurrence
and development of many tumours. Girdin has been reported
to be expressed at high levels in breast, colon and cervical
cancer, and many other malignant tumours (5-7). Additionally,
Girdin participates in tumour cell metastasis, angiogenesis
and the regulation of autophagy (8-10). As a substrate of Akt,
Girdin enhances the phosphorylation of Akt and induces its
activation; therefore, it is also known as an Akt phosphoryla-
tion enhancer (APE) (11). The P13K/Akt signalling pathway
regulates various processes in numerous tumour cells (12);
Girdin may also be involved in this process. However,
evidence showing that Girdin plays a role in the development
of pancreatic cancer is not available.

In the present study, we aimed to determine the correla-
tion between Girdin expression and the development of
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pancreatic cancer as well as to confirm the effects of Girdin
on the proliferation, migration, apoptosis and cell cycle of
pancreatic cancer cells via recombinant adenovirus-induced
Girdin silencing. Our research seeks to elucidate the P13K/Akt
signalling pathway-mediated functions of Girdin in pancre-
atic cancer and may help further advance the treatment of
pancreatic cancer and identify novel biomarkers.

Materials and methods

Cell culture and adenoviral infection. Human pancreatic ductal
epithelial cells (WTERT-HPNE) and human pancreatic cancer
cell lines (AsPC-1, BxPC-3 and PANC-1) were acquired from
the American Type Culture Collection (ATCC; Manassas,
VA, USA). AspC-1 cells were cultured in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
whereas the other cell lines were maintained in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) (Wisent, St-Bruno, QC, Canada) at 37°C
in a humidified atmosphere containing 5% CO,.
Recombinant adenoviruses containing the Girdin shRNA
(rAd-shGirdin) and an empty vector (rAd-GFP) were synthe-
sized using the vector pAd-U6-CMV-GFP (Shanghai Lici
Biotechnology, Shanghai, China). 293A cells (ATCC) were
used to package the recombinant adenovirus. The empty
rAd-GFP vector was constructed as an experimental control.

Immunohistochemistry (IHC) and tissue microarray.
Pancreatic cancer tissue microarrays were created by Xian
Ailina Biotechnology Co., Ltd. (Xi'an, Shanxi, China).
Girdin expression was observed by staining tissues with
streptavidin-biotin complex (SAB). Girdin staining in human
tissues was independently scored by two pathologists using a
semi-quantitative immunoreactivity score (IRS), as previously
described (13). Based on the scoring system, tissues with an
IRS of 0-5 and 6-9 were defined as expressing low and high
levels of Girdin, respectively.

Western blot analysis. Cells were washed twice with cold
phosphate-buffered saline (PBS) and then solubilized in
RIPA lysis buffer. Cell debris was removed by centrifugation
at 12,000 x g for 15 min at 4°C, and the supernatants were
collected. Samples with the same amount of protein (30 ug)
were subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene fluoride (PVDF) membranes (Millipore, Billerica,
MA, USA). Membranes were blocked in Tris-buffered saline
containing 0.05% Tween-20 (TBST) and 5% bovine serum
albumin (BSA; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) for 2 h at room temperature, followed by incubation
with primary antibodies overnight and a subsequent incuba-
tion with horseradish peroxidase-conjugated secondary
antibodies for 2 h at room temperature. Antibodies against
p-Akt (1:1,000, cat. no. 4060), Akt (1:1,000; cat. no. 4685),
caspase-3 (1:1,000, cat. no. 9662), cleaved caspase-3
(1:1,000; cat. no. 9664) and cyclin D1 (1:1,000; cat. no. 2978)
were purchased from Cell Signaling Technology, Inc.
(Beverly, MA, USA). Antibodies against Girdin (1:1,000;
cat. no. ab179481), Bcl-2 (1:1,000; cat. no. ab196495) and
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BAX (1:1,000; cat. no. ab53154) were purchased from
Abcam (Cambridge, UK). Antibodies against phosphory-
lated Girdin (S1416) (1:250; cat. no. 28067) were purchased
from IBL (Immuno-Biological Laboratories Co., Ltd.,
Gunma, Japan). GAPDH (1:1,000; cat. no. sc-47724), f-actin
(1:1,000; cat. no. 47778) and goat anti-rabbit IgG antibodies
(1:30,000; cat. no. sc-2004) were acquired from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA).

Total RNA isolation and quantitative real-time polymerase
chain reaction (gPCR). Total RNA was isolated using
Invitrogen™ TRIzol reagent (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) and cDNAs were synthesized according
to the manufacturer's instructions (Takara Bio, Inc., Otsu,
Japan). Equal amounts of cDNAs were subjected to PCR
analysis. The primers used for RT-PCR (Invitrogen; Thermo
Fisher Scientific, Inc.) were: Girdin (forward), 5'-"~AGGAAA
TGGGACCAACCTTGA-3' and Girdin (reverse), 5'-GTG
CATTCTAAGTGAGGCATCAT-3'; GAPDH (forward),
5'-AGAAGGCTGGGGCTCATTTG-3' and GAPDH (reverse),
5-AGGGGCCATCCACAGTCTTC-3"

Cell proliferation assay. Cells were seeded onto 96-well dishes
at a density of 1x10* cells/well. Cell viability was determined
using sulforhodamine B (SRB) assays after the cells were incu-
bated with rAd-shGirdin for 24, 48 or 72 h. Subsequently, the
96-well dishes were taken out and fixed with trichloroacetic
acid for 3 h at room temperature followed by staining with
SRB solution for another 15 min. Then, the 96-well dishes
were washed and 10 mmol/l Tris-base (pH=10.5) was used to
solubilize the protein-bound dye, and finally, a spectrophotom-
eter was used to measure the absorbance at 490 nm, which
indicated the cell proliferation rate.

Colony formation assay. Cells were seeded in triplicate wells
of 6-well plates at a density of 50 cells/well. After 10-14 days,
colonies were clearly visible, and the cells were fixed with 1%
trichloroacetic acid overnight at 4°C and stained with SRB.
Colonies containing >50 cells were counted under a light
microscope (Olympus IX51+DP72; Olympus Corp., Tokyo,
Japan).

Terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) assay. The TUNEL BrightRed Apoptosis
Detection kit (Vazyme, Piscataway, NJ, USA) was used to
detect apoptotic pancreatic cancer cells according to the
manufacturer's instructions.

Cell cycle and apoptosis analyses using flow cytometry.
Aliquots of cells were collected from the control and synchro-
nized cultures and suspended in 70% ethanol overnight at
-20°C. Fixed cells were washed with PBS, suspended in 4 mM
sodium citrate containing 30 U/ml RNase A, 0.1% Triton
X-100 and 50 pg/ml propidium iodide (PI), and then incubated
for 30 min at 37°C in the dark prior to the flow cytometric
analysis. Data were collected using a FACScan apparatus
(BD Biosciences, San Jose, CA, USA), and the results were
analysed using BD CellQuest software.

Apoptosis was detected by flow cytometry. Cells were
incubated with a recombinant adenovirus, LY294002, or both
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Figure 1. Statistical analysis of the correlation between Girdin expression and pancreatic cancer. (A) Immunohistochemical staining for Girdin in normal
human pancreas tissue (n=51) and pancreatic cancer tissue (n=90). Scale bar, 100 gm. (B) High Girdin expression is correlated with a higher pathological
grade. (C) Girdin is overexpressed in the PDAC cell lines AsPC-1, BxPC-3 and PANC-1, as shown by western blotting. Bars represent the SEM. "“P<0.001.

Three separate experiments were performed.

simultaneously, and then washed twice with ice-cold PBS,
and resuspended in 1X binding buffer (BD Pharmingen; BD
Biosciences, Franklin Lakes, NJ, USA). Subsequently, 5 ul of
7-AAD (BD Pharmingen; BD Biosciences) and 5 ul of APC (BD
Pharmingen; BD Biosciences) were added. Finally, the samples
were analysed using a flow cytometer (BD FACS Calibur
equipped with Cell Quest Pro software).

Immunofluorescence staining. Cells were fixed with 4% para-
formaldehyde overnight at 4°C, washed 3 times with PBS, and
incubated with PBS containing 0.1% Triton and 5 mg/ml BSA.
Then, cells were blocked with 5% BSA for 30 min at 37°C. The
cells were then stained with antibodies against p-Akt (1:100;
Bioss, Beijing, China) and p-Girdin (1:100; IBL, Gunma, Japan)
overnight at 4°C, and subsequently incubated with a fluo-
rescent dye-conjugated goat anti-rabbit IgG (Thermo Fisher
Scientific, Inc.) for 30 min at 37°C. Nuclei were stained with
DAPI (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Images were captured using a confocal laser scanning micro-
scope (Olympus Corp.).

Tumour xenograft model. Sixteen nu/nu mice (females,
6 weeks of age, 13-15 g; Beijing Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China) were housed
in sterile cages by conventional feeding. The left flank of
each mouse was subcutaneously injected with BxPC-3 cells
(5x10° cells/100 pl PBS) to establish the pancreatic cancer
xenograft model. Five days after the subcutaneous inocula-
tion, the mice were randomly divided into different groups
for different sets of experiments. Cells were infected with
rAd-shGirdin prior to subcutaneous inoculation. LY294002
was intraperitoneally injected at a dose of 25 mg/kg/day
[dissolved in dimethyl sulphoxide (DMSO)] twice per week for
3 weeks. Tumour volumes were observed every 3 days and were
calculated using the formula: (A x B%/2, where A and B is the

long and short dimensions, respectively. Mice were sacrificed
by cervical dislocation on day 21, and the weights and volumes
of the tumours were measured. Half of the tumour specimens
were fixed with 4% paraformaldehyde, and the other half was
cryopreserved at -80°C. All animals received humane care,
and all experiments were performed according to the guide-
lines outlined in the Guide for the Care and Use of Laboratory
Animals, and our experiments were reviewed and approved
by the Animal Ethics and Welfare Committee (AEWC) with
approval no. IACUC-1601161.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism 5.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). Each experiment was performed 3 times.
All data are expressed as means + SEM, unless specified
otherwise. Data from each group were statistically analysed
using two-tailed Student's t-test, except for the immunohisto-
chemical score, which was analysed using the Chi-square test.
However, ANOVA was used for the comparison of multiple
groups. Differences were considered statistically significant
at P<0.05. P-values indicating statistically significant differ-
ences were set to 'P<0.05, “P<0.01 and “*P<0.001, as shown
in the figures.

Results

Girdin is overexpressed in pancreatic cancer. Immunohisto-
chemical staining was used to detect Girdin expression in
pancreatic cancer. Staining of the pancreatic tissue microarray
(including 51 normal pancreatic tissue samples and 90 PDAC
samples) showed that none of the normal tissues exhibited
Girdin-positive staining, whereas Girdin was overexpressed in
approximately 13% of the PDAC tissues (Fig. 1A and Table I).
The immunostaining results were evaluated using a previously
described double scoring system (13). Significantly higher
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Table I. Expression of Girdin in human pancreas and pancreatic cancer tissues.

Group n Girdin low expression Girdin high expression P-value
Normal pancreas tissue 51 51 0 0.009*
PDAC tissue 90 79 11
*Significant difference. PDAC, pancreatic ductal adenocarcinoma.
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Figure 2. Girdin silencing inhibits pancreatic cancer cell proliferation. (A and B) Western blot analysis and gRT-PCR were performed to evaluate Girdin

expression in BxPC-3 and Panc-1 cells infected with rAd-shGirdin. Bars represent the SEM. “P<0.01,

"P<0.001. (C) Girdin silencing reduced cell viability at

ok

24,48 and 72 h. (D) Girdin silencing suppressed the colony-forming capacity of BxPC-3 and PANC-1 cells. Bars represent the SEM. ""P<0.001. Three separate

experiments were performed.

levels of Girdin expression were detected in tumour tissues
when compared with that in normal tissues (P<0.01). Next,
we explored the association between high Girdin expression
and clinical characteristics. We did not observe significant
differences in regards to sex, age or clinical stage. However,
Girdin expression was associated with pathological grade,
which indicates the differentiation status of cancer. A greater
number of grade 3 PDAC tissues displayed high Girdin expres-
sion than grades 1-2 ductal adenocarcinoma tissues (5.4% of
grade 1-2 tissues displayed high expression of Girdin, and 23%
of grade 3 tissues displayed high expression of Girdin; P<0.05)
(Fig. 1B and Table II). We then analysed Girdin expression

in the PDAC cell lines AsPC-1, PANC-1 and BxPC-3 by
western blotting and used human pancreatic ductal epithelial
(HPNE) cells as a control. As shown in Fig. 1C, higher levels
of Girdin expression were detected in pancreatic cancer cells
than in HPNE cells. In addition, the levels of Girdin expression
differed among the 3 pancreatic cancer cell lines, and BxPC-3
cells exhibited the lowest Girdin expression levels, but these
levels were still higher than the levels detected in the HPNE
cells (P<0.01).

Girdin silencing inhibits pancreatic cancer cell proliferation.
After confirming that Girdin is overexpressed in pancreatic



ONCOLOGY REPORTS 40: 599-608, 2018

603

A o
g
T o o BT g £ 0p G1
et Soes s E=Dip S
: g W Dip G2
i, 2 so%
3
g
:
1 » - " i1 - o -y - - = % = 0%
L] .
Control rAd-shGirdin o & &
Y
5 A
= »
PANC-1 % oo
[ dessionm _ B Dip G1
. g 5] 5 g 8 EmDys
EHres i Eoes 1] Eoes 3 =N Dip G2
i 1 ] g
g4
' ] L 0%
i, !: l,; 2
z 2 \ " __E.
N ’ — d ‘ 3 o
Control rAd-GFP rAd-shGirdin g@ -\36‘9
o 5366
P
B
BxPC-3
=
=3
CyclinDlI- -— e |34kDa E g H
= £ g
4 g | =
P21| s “ |21kDa 551 g%‘ §
£ S B
Pis| g mwe w502 F Fa s
2 g =
GAPDHl- — -|3?kDa E K &
-4

> & &
& > b,e@@
<&

PANC-1

Cyclin DI[ e S8 = = ]34kDa

P2 s e — ’|21kDa

Relative Cyclinn D1 expression
(fold)

2,

(fold)
(fold)

Relative P15 expression

Relative P21 expression
o o

2,

'66\ Oﬁ? s
&

‘?"

<

Figure 3. Girdin silencing results in cell cycle arrest. (A) Girdin silencing caused arrest in G,/S phase of the cell cycle in BxPC-3 and PANC-1 cells, as shown
by flow cytometry. The proportion of BxPC-3 cells in G, phase increased from ~62 to 79%, whereas the proportion of PANC-1 cells in G, phase increased from
~5 to 71% 48 h after transfection. (B) Western blotting was performed to evaluate the expression of cell cycle-related proteins in BxPC-3 and PANC-1 cells.
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The data are representative of 3 independent experiments and are expressed as means = SEM; "P<0.05, “P<0.01 and "“P<0.001.

cancer, we aimed to ascertain its role in pancreatic cancer
development. Thus, we constructed two small interfering
RNASs (siRNA-1, nucleotides 145-165; siRNA-2, nucleotides
780-800) and used them to silence Girdin expression, as
previously described (4). According to our tests, sSiRNA2
(sequence target, 780-800) significantly reduced the levels of
Girdin mRNA and protein compared with the other siRNA
(data not shown). Therefore, siRNA-2 was selected for subse-
quent applications and was used to construct recombinant
adenovirus expression vectors. We infected BxPC-3 and
PANC-1 cells with rAd-shGirdin and rAd-GFP, respectively, to
determine whether Girdin affects pancreatic cancer. Western
blotting (Fig. 2A) and qRT-PCR (Fig. 2B) were used to detect
post-infection Girdin expression levels in the rAd-shGirdin,

negative control (rAd-GFP) and control group. The BxPC-3 and
PANC-1 cells were successfully infected with the recombinant
adenoviruses, and Girdin expression was silenced.

An SRB assay was used to determine the changes in cell
viability following infection with rAd-shGirdin and evaluate
the effect of Girdin downregulation on pancreatic cancer
cell proliferation. A significantly lower proliferation rate
was observed in the rAd-shGirdin-infected group than in the
negative control group (rAd-GFP) and the control group at all
time points (48 and 72 h), whereas no statistically significant
differences were observed between the control group and the
negative control group (P<0.01, Fig. 2C). A subsequent colony
formation assay further revealed that Girdin silencing inhib-
ited the colony-forming capacity of pancreatic cancer cells
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Figure 4. Girdin silencing promotes pancreatic cancer cell apoptosis. (A) Flow cytometry was performed using BxPC-3 and PANC-1 cells transfected with
rAd-shGirdin, which significantly induced apoptosis in pancreatic cancer cells. (B) The TUNEL assay showed a higher cell apoptosis rate in BxPC-3 and
PANC-I cells transfected with rAd-shGirdin than in the control and the rAd-GFP group. (C) Western blotting was performed to evaluate the expression of
apoptosis-related proteins in BXPC-3 and PANC-1 cells. Each experiment was performed 3 times, and all data are expressed as means + SEM; "P<0.05 and

“P<0.01.

(Fig. 2D). Based on these results, downregulation of Girdin
expression inhibits pancreatic cancer cell proliferation.

Girdin silencing arrests the cell cycle and promotes
pancreatic cancer cell apoptosis. Inhibition of cell prolif-
eration is caused by a reduction of cell growth, increased
apoptosis, or both. Thus, we aimed to ascertain the effect of
Girdin silencing on the cell cycle distribution and apoptosis
in rAd-shGirdin-infected pancreatic cancer cells. First, flow
cytometry was used to detect changes in the cell cycle. As
shown in Fig. 3A, at 48 h after infection, rAd-shGirdin-infected
cells were arrested at G,/S phase, suggesting that these cells
were unable to complete mitosis in the absence of sufficient
Girdin activity. Cells infected with rAd-GFP showed no
apparent changes in their cell cycle profiles throughout
the experiment. Thereafter, we analysed the expression
levels of related proteins following Girdin silencing with
rAd-shGirdin by western blotting. Following rAD-shGirdin
infection, levels of the P15 and P21 proteins were markedly
increased, whereas the level of cyclin DI was decreased
(P<0.01, Fig. 3B), indicating cell cycle arrest. Flow cytometry
was also used to detect apoptosis, and cancer cells that had
been infected with rAd-shGirdin for 48 h displayed notably
higher apoptosis rates than cells in the rAd-GFP and the
control group (Fig. 4A). Moreover, based on the results of the
TUNEL assay, Girdin silencing induced pancreatic cancer cell

apoptosis (Fig. 4B). We also investigated the levels of proteins
involved in several apoptosis-related pathways by western
blotting, such as caspase-mediated or Bcl-2 family-mediated
pathways. XIAP and Bcl-2 were expressed at lower levels in
the Girdin-knockdown group than in the untreated group and
negative control group (Fig. 4C), whereas cleaved caspase-3
expression was upregulated; no significant change was
detected in caspase-3 expression. Although Bax expression
was not significantly changed, the Bcl-2/Bax ratio was clearly
reduced. Thus, Girdin silencing increases pancreatic cancer
cell apoptosis.

Girdin plays a crucial role in various processes in pancreatic
cancer cells via the PI3K/Akt signalling pathway. As a
substrate of Akt, Girdin induces Akt phosphorylation (14).
Notably, our previous study confirmed that Akt is also over-
expressed in pancreatic cancer (13). The PI3K/Akt pathway
is reported to be linked to proliferation, migration and
anti-apoptotic signal transduction (15). Hence, we hypothesized
that Girdin may influence pancreatic cancer cell processes via
the PI3K/Akt pathway. Thus, we first detected changes in the
expression of proteins in the PI3K/Akt pathway by western
blotting. Following rAd-shGirdin infection, levels of p-PI3K
(Thy 508) and p-Akt (Ser 473) proteins were significantly
decreased, whereas levels of total PI3k and Akt proteins were
not remarkably changed (Fig. 5A). Based on these results,
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were performed. Levels of the p-Akt and p-PI3K proteins were decreased in the rAd-shGirdin group, whereas the levels of the Akt and PI3K proteins were
not significantly changed compared to the control group. (B) BxPC-3 and PANC-1 cell viability was detected using the colony formation assay. Cells were
infected with rAd-shGirdin and subsequently treated with LY294002. (C) Apoptosis of BxPC-3 and PANC-1 cells was detected by flow cytometry. Cells
were infected with rAd-shGirdin and subsequently treated with LY294002. (D) Western blots of BxPC-3 and PANC-1 cells were performed. The level of
the p-Girdin proteins was decreased in cells treated with LY294002, whereas the level of the Girdin protein was not significantly changed. Treatment with
the combination of rAd-shGirdin and LY294002 further decreased the level of p-Girdin. (E) Representative images of immunofluorescence staining show the
co-localization of p-Girdin and p-Akt in the cytoplasm. Red represents p-Girdin, green represents p-Akt, and the nuclei were labelled with DAPI, cells were
not given any treatment. Each experiment was performed 3 independent times, and all data are expressed as means + SEM; “P<0.01, “P<0.01 and "“P<0.001.

Girdin may affect the activation of the PI3K-Akt signalling
pathway. LY294002, an inhibitor of the PI3K/Akt signalling
pathway, was used to further verify this finding. According to
our previous study, the optimal concentrations of LY294002 for
the different pancreatic cancer cell lines were IC50, =40 uM,
IC504,pc5=15 uM and IC50p,nc=35 M (13). We added
LY294002 to Girdin-knockdown cells to determine whether
various processes in pancreatic cancer cells were impacted.
As expected, in the colony formation assay, the application of
LY294002 combined with Girdin silencing further reduced cell
proliferation compared with the control group and the negative
control group (Fig. 5B). The percentage of apoptotic cells was
examined by flow cytometry, and the apoptosis rate increased

from ~21 to 45% after LY294002 was administered; moreover,
the apoptosis rate of BXPC-3 cells was 33.95% following
treatment with LY294002 alone and 20-39% in PANC-1 cells
treated with LY294002 alone (Fig. 5C). To further verify the
relationship between Akt and Girdin, levels of Girdin and
phosphorylated Girdin were detected by western blotting after
LY294002 treatment to further verify the relationship between
Akt and Girdin (Fig. 5D). Compared to the control group, the
administration of LY294002 to block the PI3K/Akt pathway
significantly decreased p-Akt levels, similar to the infection with
rAd-shGirdin; furthermore, when we treated cells with both the
LY294002 inhibitor and Girdin-siRNA adenoviruses, p-Akt
levels were further reduced (Fig. SD). No significant changes in
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Figure 6. Girdin silencing suppresses pancreatic cancer growth and induces apoptosis in a xenograft model. (A) Representative data from xenograft tumours
in mice in the different groups. (B and C) Statistical analysis of tumour volumes and weights in the different groups (n=4, "P<0.01 and ““P<0.001). (D) Images
of immunohistochemical staining using antibodies against Girdin, Ki-67 and cleaved caspase-3. n.s., not significant.

Table II. Relationship between the expression level of Girdin
in PDAC tissues and the clinical characteristics of the patients.

Girdin expression

in PDAC
Low High
Characteristics n expression expression P-value
Sex 0.808
Male 46 40 6
Female 44 39 5
Age (years) 0.189
<60 57 52 5
=60 33 27 6
Pathological grade 0.014*
1-2 55 52 3
3 35 27 8
Clinical stage 0.146
1-2 78 70 8
3-4 12 9 3

Significant difference. PDAC, pancreatic ductal adenocarcinoma.

Akt levels were detected. Noteworthy, the data also showed that
the level of phosphorylated Girdin (Ser 1416) was reduced in the
LY294002 group, but no changes in the total Girdin level were
observed. Subsequently, immunofluorescence staining was used
to show that phosphorylated Girdin and Akt interacted and
co-localized, particularly in the cytoplasm (Fig. SE). Based on
these data, we concluded that Girdin regulates cellular processes

via the PI3K/Akt signalling pathway, and LY294002 enhances
the effects of Girdin silencing; together, these treatments exert
an additive effect on pancreatic tumour progression in vitro.
Based on these results, Girdin plays a crucial role in pancreatic
cancer cell processes via the PI3K/Akt signalling pathway, with
the combined effects on each other.

Girdin silencing suppresses pancreatic cancer growth and
induces apoptosis in a xenograft model. We subcutaneously
injected nude mice with rAd-Girdin-infected BxPC-3 cells
to further confirm the observed in vitro effects of Girdin
on pancreatic cancer in vivo. As expected, Girdin silencing
inhibited tumour growth in the xenograft mouse model,
and the tumour-inhibiting capacity of Girdin silencing was
further increased when LY294002 was administered concur-
rently (Fig. 6A-C). Subsequent immunohistochemical staining
using antibodies against Ki-67 and cleaved caspase-3 revealed
that Girdin silencing suppressed pancreatic cancer prolifera-
tion and induced apoptosis in tissues from xenograft tumours
(Fig. 6D), consistent with the in vitro results.

Discussion

Pancreatic cancer is one of the most malignant tumours in
the world. Surgical resection is the only potentially cura-
tive treatment. Unfortunately, patient prognosis is poor,
even after complete resection (16). Moreover, most drugs
targeting specific molecules do not significantly prolong
patient survival (17). Therefore, the focus of pancreatic cancer
research is to identify new therapeutic targets.

Girdin has been reported to be a novel actin-binding
protein that participates in the formation of the actin cytoskel-
eton and enhances Akt phosphorylation (4). Girdin has also
been confirmed to be an oncogene that plays an important role
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in the occurrence and development of tumours (14); a great
number of signalling pathways are involved in this process,
including the PI3K/Akt signalling pathway. Girdin acts down-
stream of the PI3K/Akt signalling pathway and is directly
activated by Akt (4). Girdin also binds to and activates Gai3,
which further activates the PI3K/Akt signalling pathway (18),
a classical signalling pathway that regulates tumour cell prolif-
eration and apoptosis. Hence, Girdin may also be involved in
this cellular process. However, the role of Girdin in pancreatic
cancer has not been reported, and its function in pancreatic
cancer development remains unclear.

In the present study, we first sought to examine Girdin
expression in pancreatic cancer and its impact on pancreatic
cancer. Girdin is expressed at high levels in PDAC tissues
and cells and correlates with the degree of pancreatic cancer
malignancy. Additionally, our microarray analysis revealed a
relationship between the level of Girdin and the pathological
grade; other researchers have also confirmed that Girdin
expression is closely related to tumour malignancy, including
the histological grade and metastasis, as well as progres-
sion-free survival (PFS) and overall survival (OS) (19). Thus,
we believe that Girdin impacts pancreatic cancer development.
The current study also has implications for our understanding
of the role of Girdin as an oncogene in cancer cells, as Girdin
knockdown impaired pancreatic cancer cell proliferation and
induced apoptosis. Consistent with these findings, scientists
have suggested that Girdin knockout inhibits cell prolifera-
tion (20). Girdin has also been shown to directly interact with
Par-3, a cell polarity protein, to regulate cell polarity during
cell migration (21). A positive correlation between Girdin
and tumour cell motility has also been demonstrated (22,23).
Girdin silencing was recently shown to suppress glioma cell
migration and invasion through the PI3K-Akt signalling
pathway (24). Abnormal cell cycle progression leads to uncon-
trolled proliferation of tumour cells. Dysregulated apoptosis
also results in tumourigenesis (25). Strategies that inhibit
Girdin expression in HepG2 cells significantly reduce DNA
synthesis, leading to an increase in apoptosis (11). Consistent
with these findings, Girdin silencing increased pancreatic
cancer cell apoptosis and induced cell cycle arrest in the present
study. Moreover, Girdin silencing downregulated XIAP
expression, reduced the Bcl-2/Bax ratio and increased levels
of cleaved caspase-3. Of note, the PI3K/Akt pathway is also
involved in cancer cell apoptosis via interactions with caspases
and the Bcl-2 family (26). Thus, we hypothesized that Girdin
influenced apoptosis via the PI3K/Akt pathway. As shown in
the study by Anai Development of PI3K inhibitors: Lessons
learned from early clinical trials. Nature reviews et al (11),
a greater number of COS-7 cells expressing Akt and Girdin
was found to undergo apoptosis, and fewer cells expressing
Girdin underwent apoptosis; other scholars have proposed
that Girdin depletion and Akt inactivation cooperate to induce
HeLa cell apoptosis (7). According to Yamamura et al, Girdin
is phosphorylated in cancer-associated fibroblasts during
tumour progression (27). In the present study, Girdin silencing
decreased the levels of p-Akt and p-PI3K, indicating that Girdin
regulates the PI3K/Akt signalling pathway, as Girdin has been
shown to promote PI3K phosphorylation, thereby activating
the PI3K-Akt signalling pathway (28). We used LY294002 to
inhibit the PI3K/Akt signalling pathway following infection
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with rAd-shGirdin in an attempt to investigate the underlying
mechanism and found that LY294002 enhanced the effects of
Girdin silencing, suggesting that Girdin regulates pancreatic
cancer cell proliferation and apoptosis through the PI3K-Akt
signalling pathway. In addition, we verified our results in an
in vivo xenograft model, which produced similar results.

In conclusion, this study is the first to show that Girdin
overexpression promotes pancreatic cancer cell proliferation
and inhibits pancreatic cancer apoptosis; therefore, Girdin
plays a role in the occurrence and development of pancreatic
cancer. A PI3k/Akt pathway inhibitor has been tested in clinical
trials, but some pharmacological questions remain. In addition,
a combination therapy may be able to overcome the negative
effects of PI3K pathway inhibition (29). However, further
studies are required to determine whether Girdin will become
an important therapeutic target for pancreatic cancer. Another
limitation of our study is that we did not confirm whether Girdin
and Akt directly interact or whether Girdin influences a poten-
tial regulator to modulate the PI3K/Akt pathway. The molecular
mechanism by which Girdin regulates pancreatic cancer cell
processes via the PI3K/Akt pathway will be studied further.
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