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Metformin suppresses the invasive ability of pancreatic
cancer cells by blocking autocrine TGF-f1 signaling
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Abstract. Pancreatic ductal adenocarcinoma (PDAC) is
a highly invasive neoplasm with a 5-year survival rate of
<8%. Metformin, the most widely used antidiabetic drug in
the world, has been shown to exert anticancer activities in
epidemiological and animal studies. Our previous studies
revealed that metformin suppressed desmoplasia in PDAC
by reducing TGF-f1 production in cancer cells. The aim of
the present study was to investigate the effects of metformin
on invasion and epithelial-mesenchymal transition (EMT) in
pancreatic cancer and to reveal the underlying mechanisms.
In the present study, we revealed that metformin suppressed
migration, invasion and EMT changes in pancreatic cancer
cells. Furthermore, metformin reduced TGF-f1 production
and Smad2/3 phosphorylation in pancreatic cancer cells. In
addition, treatment with recombinant TGF-f31 recovered the
metformin-mediated invasion inhibition and EMT changes.
Treatment with metformin also suppressed tumor growth,
invasion and EMT in LSL-Kras®*"", Trp53"*and PdxI-Cre
(KPC) transgenic mice that harbor spontaneous pancreatic
cancer. Collectively, our study revealed a new possible mecha-
nism for the antitumor effects of metformin via autocrine
TGF-p1/Smad?2/3 signaling in PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
most aggressive forms of human pancreatic cancer. Although
in-depth knowledge of the disease has been elucidated and an
extensive amount of research has been conducted in the past
few decades, the effectiveness of treatment for this malignancy
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has not substantially improved. PDAC remains the fourth
leading cause of cancer-related mortality in the United States,
with a 5-year survival rate of <8% (1). PDAC may go undetected
until patients have progressed to an advanced stage. More
than 80% of patients have already missed the opportunity for
radical surgery at the time of initial diagnosis (2). Due to the
aggressive nature of this malignancy and its non-sensitivity to
radiotherapy and chemotherapy, local recurrence and distant
metastasis after initial ‘curative’ resection is an unresolved
clinical problem for PDAC patients (3).

Active invasion and metastasis have been recognized as
hallmarks of cancer (4). Accumulating evidence has indicated
that epithelial-mesenchymal transition (EMT), which initi-
ates an invasion-metastasis cascade, is a feature of aggressive
tumors (5,6). During EMT, cancer cells disassemble their
epithelial junctions and suppress the expression of junctional
proteins. Consequently, the cancer cells acquire the abilities
to invade, resist apoptosis and disseminate (7). E-cadherin,
a component of adherent junctions, is lost during EMT and
cancer progression. Conversely, another adherent junction
protein, N-cadherin is upregulated in cancer cells. A previous
study revealed that cadherin switching was a main event in
EMT and was necessary for the increased motility of cancer
cells (8). Accumulating evidence has revealed that EMT
plays a crucial role in the invasion and metastasis of pancre-
atic cancer (9,10). Recently, several studies have revealed
that many growth factors and cytokines, as well as cellular
signaling pathways, could induce EMT. One such cytokine is
transforming growth factor-1 (TGF-p1) (11).

Compared with other treatments, metformin, the first-line
treatment for managing type 2 diabetes mellitus, has been
associated with reduced cancer burden in epidemiological
studies in diabetic patients (12,13). There is also evidence that
metformin use is associated with a reduced risk of prostate (14),
colon (15) and pancreatic cancer (16). Given the anticancer
properties and the safety profile of metformin, this treatment
has attracted great interest from cancer researchers world-
wide (17). In the past, exciting preclinical studies have shown
that metformin can inhibit cancer cell growth both in vitro and
in vivo (18-20). Using the LSL-KrasGI2D/+, Trp53fl/+ and
PdxI-Cre (KPC) mouse models, our previous study indicated
that metformin suppressed the initiation and progression of
pancreatic cancer (21). In another study (22), our data revealed
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that metformin-mediated AMPK activation in cancer cells
inhibited pancreatic cancer progression by suppressing the
desmoplastic reaction in tumor tissues. Further mechanistic
experiments revealed that metformin reduced TGF-f31 produc-
tion in cancer cells, thus suppressing the TGF-B1-induced
activation of pancreatic stellate cells (PSCs) (22). Based on
these observations, we hypothesized that metformin could
inhibit the invasion and metastasis of pancreatic cancer
cells by blocking the autocrine TGF-f1 signaling. In the
present study, we used the KPC transgenic mouse model of
pancreatic cancer to demonstrate that metformin inhibited the
invasion and metastasis of pancreatic cancer by suppressing
TGF-p1/Smad?2/3 signaling.

Materials and methods

Cell culture and reagents. Human PDAC cell lines Panc-1
and BxPC-3 were purchased from The Chinese Academy of
Sciences Cell Bank of Type Culture Collection (CBTCCCAS;
Shanghai, China). The cells were maintained in the appro-
priate medium (DMEM; HyClone Laboratories, Logan,
UT, USA) for Panc-1 and RPMI-1640 medium for BxPC-3
(HyClone Laboratories) supplemented with 10% fetal bovine
serum (FBS; HyClone Laboratories; GE Healthcare Life
Sciences, Logan, UT, USA) and 1% penicillin/streptomycin in
a humidified atmosphere containing 5% CO, at 37°C. Primary
antibodies for E-cadherin (1:1,000; cat. no. 3195), N-cadherin
(1:800; cat. no. 13116), MMP-2 (1:1,000; cat. no. 40994) and
vimentin (1:1,000; cat. no. 5741) were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Antibodies
against p-actin (1:1,000; cat. no. A5441) were obtained
from Sigma-Aldrich; Merck (St. Louis, MO, USA). Primary
antibodies for TGF-p1 (1:800; cat. no. ab92486), Smad2/3
(1:1,000; cat. no. ab202445) and p-Smad2/3 (1:1,000;
cat. no. ab63399) were purchased from Abcam (Cambridge,
MA, USA) and anti-a-SMA (1:800; cat. no. A03744) was
obtained from Boster Biological Technology (Wuhan,
China). All secondary antibodies (goat anti-rabbit IgG-HRP
(1:10,000; cat. no. ssc-2004) and goat anti-mouse IgG-HRP
(1:10,000; cat. no. sc-2005) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Recombinant TGF-f1
(T7039) was obtained from Sigma-Aldrich. Metformin
(Sigma-Aldrich; Merck) was dissolved in phosphate-buffered
saline (PBS) as a stock solution of 100 mM. Working dilutions
of metformin were made in culture medium immediately
before use.

Wound healing assays. Wound healing assays were conducted
to assess the migration ability of cancer cells. Briefly, cancer
cells were seeded in 6-well plates and when they almost
covered the well, the cells were serum-starved and then
treated with metformin (2 mM) for 24 h. Subsequently,
the cells were scratched using a 200-ml sterile pipette tip.
Images of the matched-pair wound regions at 0 and 24 h were
obtained at a magnification of x100 using a light microscope
(Nikon Instruments, Inc., Tokyo, Japan).

Matrigel invasion assay. Matrigel invasion assays were
performed to investigate the invasive ability of cancer cells.
In brief, cancer cells were serum-starved overnight and
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then pretreated with or without metformin plus TGF-f1
(2 ng/ml) for 24 h. Subsequently, the cells were trypsinized,
and 5x10* cells and 200 pl of serum-free medium were added
to Matrigel-coated inserts (BD Biosciences, Franklin Lakes,
NIJ, USA). Complete medium (500 ul) was added to the lower
chamber. Following incubation for 48 h, the invaded cells
were stained with 0.1% crystal violet solution for 15 min at
room temperature, and 10 randomly selected fields were
photographed with a light microscope (Nikon Instruments,
Inc.) at a magnification of x200.

Immunofluorescence analysis. Following the designated
treatment, immunohistochemical analyses were performed
according to our previously described protocol (23). Images
were pseudocolored using a fluorescence microscope (Nikon
Eclipse Ti-s; Nikon Instruments, Inc.) with the appropriate
excitation and emission (blue,440-450 nm; green, 530-550 nm;
red, 630-650 nm) spectra at a magnification of x400. Image-Pro
Plus software (version 6.0; Media Cybernetics Inc., Rockville,
MD, USA) was used for further analysis.

Western blotting. Total cellular protein was extracted using
RIPA lysis buffer (Beyotime Institute of Biotechnology,
Guangzhou, China). Protein concentrations were analyzed with
a BCA protein assay kit (Beyotime Institute of Biotechnology)
according to the manufacturer's instructions. The same
amounts of protein (150 pg) from the samples were separated
by 10% SDS-PAGE and then transferred onto polyvinylidene
difluoride (PVDF) membranes as previously described (24).
The membranes were blocked with 5% non-fat dry milk in
TBST [10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.05%
Tween-20]. Then membranes were incubated with primary
antibodies overnight at 4°C. After three washes of 10 min each
in TBST, the membranes were incubated with HRP-conjugated
secondary antibodies for 1 h and subsequently washed again.
Protein expression was visualized using enhanced chemilu-
minescence (EMD Millipore, Billerica, MA, USA) and the
ChemiDoc XRS imaging system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). f-actin was used to ensure equivalent
protein loading.

In vivo study. All experimental protocols were approved by
the Ethical Committee of The First Affiliated Hospital of
Medical College, Xi'an Jiaotong University (Xi'an, China).
LSL-Kras®"?""; Trp53"*; Pdxl-Cre (KPC) mice were gener-
ated and maintained as previously described (21). A total of
20, 6-week-old mice (female; average weight, 20+1.79 g) were
divided into two groups of 10 mice each. Mice in the metformin
group were gavaged with vehicle (sterile water) or metformin
(200 mg/kg) daily for 4 weeks. All mice were housed under
pathogen-free conditions with a 12:12-h dark/light cycle under
constant temperature (24°C). At the termination of the experi-
ment, the mice were euthanized by 30% CO, asphyxiation,
followed by cervical dislocation. Tissues were harvested and
fixed in formalin. Tumor samples were prepared for further
histological analysis.

Statistical analysis. Each experiment was performed at least
three times. All quantitative data were analyzed using SPSS
version 15.0 (SPSS, Inc., Chicago, IL, USA) and are expressed
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Figure 1. Metformin inhibits the migration and invasion of pancreatic cancer cells. (A) Wound healing assays were performed to assess the migration ability
of Panc-1 and BxPC-3 cells following 2 mM metformin treatment. Images were acquired at O and 24 h at a magnification of x100; "P<0.05. (B) Panc-1 and
BxPC-3 cells were treated with 2 mM metformin for 24 h. Cell invasion ability was evaluated by Matrigel invasion assays. Error bars display the mean + SD
of three independent experiments. "P<0.05, magnification, x200. (C) Western blot assays were performed to evaluate the effects of metformin on the EMT

markers E-cadherin and N-cadherin and the invasion-related molecule MMP-2.

as the mean + standard deviation (SD). Two-tailed unpaired
Student's t-tests were used to analyze the data between groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Metformin attenuates the migration and invasion abilities
of pancreatic cancer cells. First, the effect of metformin on
the migration ability of pancreatic cancer cells was assessed
by wound healing assays. Similarly, with our previous study,
2 mM metformin was also used in the present study (22).
As displayed in Fig. 1A, the migration ability of pancreatic
cancer cells was significantly suppressed by 2 mM metformin
treatment. To investigate the effect of metformin on the
invasion ability of pancreatic cancer cells, Matrigel invasion
assays were performed. The results revealed that the invasion
ability of pancreatic cancer cells was decreased by 2 mM
metformin treatment (Fig. 1B). These results indicated that
metformin inhibited the invasion and migration capacities of
pancreatic cancer cells in vitro. Available evidence has indi-
cated that active EMT in cancer cells enhances their invasion
and metastasis abilities. To explore whether metformin has
an effect on EMT-related molecules, the protein expression
levels of E-cadherin, N-cadherin and MMP-2 were detected
in pancreatic cancer cells following exposure to 2 mM
metformin for 48 h. The western blotting results revealed
that metformin treatment decreased the protein expression
levels of N-cadherin and MMP-2 and increased the protein

expression levels of E-cadherin in both BxPC-3 and Panc-1
cells (Fig. 1C).

Metforminsuppresses TGF-[1/Smad2/3 signalinginpancreatic
cancer cells. Canonical TGF-B1/Smad2/3 signaling has been
revealed to play an important role in EMT in various epithelial
cells (11). Our previous study (22) revealed that metformin
inhibited TGF-B1 production in pancreatic cancer cells by
inducing AMPK activation. To further explore the effects
of metformin on TGF-B1/SMAD2/3 signaling in pancreatic
cancer cells, BxPC-3 and Panc-1 cells were treated with 2 mM
metformin. Following 48 h, total cell protein was extracted
and subjected to western blot analysis. As anticipated, the
protein expression levels of TGF-f1 were decreased following
metformin treatment. Additionally, the protein expression
levels of p-Smad2/3 were also decreased by metformin treat-
ment in both BXPC-3 and Panc-1 cells (Fig. 2A). In addition,
this phenomenon was confirmed by immunofluorescence
assays (Fig. 2B). The results revealed that the expression levels
of TGF-B1 and p-Smad2/3 were decreased by metformin
treatment in pancreatic cancer cells. Notably, p-Smad2/3 was
observed primarily in the cytoplasm following metformin
treatment. In a subcutaneous tumor model, the immunofluo-
rescence data revealed that TGF-p1 staining in tumor tissue,
as well as a-SMA expression, was reduced by the oral admin-
istration of 200 mg/kg metformin (Fig. 2C). These results
were consistent with those of our previous study (22). These
findings revealed that metformin suppressed TGF-f1/Smad2/3
signaling in pancreatic cancer cells.
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Figure 2. Metformin suppresses TGF-f1 production and TGF-f1/Smad2/3 signaling in pancreatic cancer cells. (A) Panc-1 and BxPC-3 cells were treated with
2 mM metformin for 48 h and then, total cell protein samples were prepared and analyzed by immunoblotting with antibodies against TGF-f1, Smad2/3 and
p-Smad2/3. (B) Immunofluorescence analyses were conducted to detect TGF-f1 (red) and p-Smad2/3 (green) expression in Panc-1 and BxPC-3 cells following
2 mM metformin treatment for 48 h, magnification, x200. (C) Representative images displaying the immunofluorescence results of TGF-p1 and a-SMA
staining of tumor tissue from a subcutaneous tumor model after the mice were orally administered 200 mg/kg metformin for 4 weeks. Scale bar, 50 ym.
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Figure 3. Recombinant TGF-f1 reverses the metformin-induced EMT changes and invasion suppression in pancreatic cancer cells. (A) The expression levels
of E-cadherin, N-cadherin, vimentin, MMP-2 and p-Smad?2/3 were assessed by western blot assays after Panc-1 and BxPC-3 cells were treated with metformin
(2 mM) or metformin plus TGF-f1 (2 ng/ml) for 48 h. (B) Matrigel invasion assays were performed to investigate the invasion ability of pancreatic cancer cells
following treatment with metformin or metformin plus TGF-1 for 24 h.Images are representative of three independent experiments. “P<0.05, magnification,x200.
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Figure 4. Metformin suppresses the growth, invasion and EMT of pancreatic cancer in a KPC transgenic mouse model. (A) Representative images displaying
the macroscopic pancreatic tissue specimens from KPC mice treated with vehicle or metformin. (B) Tumor weights were quantified in mice treated with
vehicle or metformin at the end of the experiment; "P<0.05. (C) The occurrence of abdominal invasion (peritoneal invasion, mesenteric invasion, bile duct
invasion and diaphragmatic invasion) was analyzed in KPC mice treated with vehicle or metformin; "P<0.05. (D) Representative images of hematoxylin and
eosin (H&E) staining and immunohistochemical staining for E-cadherin, N-cadherin, TGF-f1 and a-SMA in tumor tissues from KPC mice treated with

vehicle or metformin.

Exogenous TGF-S1 reverses the effects of metformin on the
invasion ability of pancreatic cancer cells. The aforementioned
observations revealed that metformin suppressed the invasion
ability and TGF-f1/Smad?2/3 signaling in pancreatic cancer
cells. To ascertain that TGF-P1 signaling inhibition attenuated
cancer cell invasion, Panc-1 and BxPC-3 cells were treated
with metformin (2 mM) alone or metformin plus recombinant
TGF-p1 (2 ng/ml) for 24 h and then, EMT- and invasion-related
markersweredetectedby westernblotassays. Theresultsrevealed
that the addition of recombinant TGF-f1 to the culture medium
induced Smad2/3 phosphorylation (Fig. 3A). Furthermore,
N-cadherin, vimentin, and MMP-2 protein expression levels
were increased, and E-cadherin protein expression levels were
decreased in Panc-1 and BxPC-3 cells treated with metformin
plus TGF-p1, compared to cells treated with metformin alone.
Matrigel invasion assays revealed that the metformin-mediated

suppression of cancer cell invasion was almost recovered in
the presence of TGF-p1. Collectively, these observations indi-
cated that TGF-f1 downregulation may be responsible for the
metformin-mediated invasion and EMT changes in pancreatic
cancer cells.

Metformin suppresses pancreatic cancer tumor growth and
metastasis in KPC transgenic mice. The KPC model is a
well-validated, clinically relevant model of PDAC that reca-
pitulates the spectrum of pancreatic cancer from pancreatic
intraepithelial neoplasia (PanIN) to invasive PDAC (21). To
determine the effects of metformin in vivo, KPC transgenic
mice were generated and treated orally with vehicle (sterile
water, daily for 4 weeks) or metformin (200 mg/kg, daily
for 4 weeks). At the end of the experiment, KPC mice were
sacrificed, and the tumor samples were prepared (Fig. 4A).
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The results revealed that the average tumor weight in
the metformin-treated group was lower than that in the
vehicle-treated group (Fig. 4B). In addition, compared with
vehicle treatment, metformin treatment significantly decreased
the incidence of abdominal invasion, including peritoneal
invasion, mesenteric invasion and bile duct invasion as well as
diaphragmatic invasion (Fig. 4C). The immunohistochemistry
results (Fig. 4D) revealed that the TGF-f31 immunoreactivity
in the metformin-treated group was lower than that in the
vehicle-treated group. In addition, increased E-cadherin and
decreased N-cadherin expression levels were observed in
the metformin-treated group. Furthermore, compared with
vehicle treatment, metformin treatment reduced the area of
a-SMA-positive staining. Collectively, these results indicated
that metformin inhibited pancreatic cancer tumor growth,
EMT and metastasis in vivo.

Discussion

PDAC is typically associated with a poor prognosis even after
curative resection with postoperative adjuvant chemotherapy.
Despite advances in our understanding of the molecular
and genetic mechanisms of pancreatic cancer, managing the
disease remains a clinical challenge due to its poor response
to most chemotherapeutic agents (25). Local recurrence and
metastasis are the primary causes of treatment failure in cancer
patients and of cancer-related deaths. Recently, mounting
evidence from both observational and laboratory studies
indicated that metformin treatment may be associated with a
decreased risk of developing cancer and a better response to
chemotherapy (12,26). The potential mechanisms underlying
the antitumor properties of metformin remain unclear. Our
previous studies have indicated that metformin can block the
interaction between cancer cells and PSCs by reducing cancer
cell-derived cytokines (22). In the present study, we found that
metformin treatment significantly attenuated the migration
and invasion properties of pancreatic cancer cells. In addi-
tion, metformin suppressed EMT in pancreatic cancer cells.
This outcome was also produced in KPC transgenic mice.
Furthermore, our data revealed that these effects of metformin
occurred in part via the downregulation of TGF-p1/Smad2/3
signaling in pancreatic cancer.

TGF-p1 is a potent cytokine with marked functionalities,
including the regulation of cell apoptosis, proliferation, differ-
entiation and extracellular matrix production (27). TGF-p1
binding to its receptor results in the phosphorylation and
activation of the transcription factors Smad2/3. Once acti-
vated, Smad2/3 translocates into the nucleus to govern gene
transcription. The role of TGF-B1 during cancer initiation
and progression is complex and paradoxical. TGF-f1 func-
tions as a tumor suppressor in normal and early-stage cancers
by inducing cell-cycle arrest and apoptotic reactions and as
a tumor promoter in late-stage cancers by promoting cancer
growth, invasion and metastasis (28,29). Parallel studies have
suggested that TGF-f1 is a potent inducer of EMT (11,30).
Adding TGF-f1 to epithelial cells in culture is a convenient
way to induce EMT in various epithelial cells (31). During
EMT induction, TGF-f1 rapidly activates PI3K, Akt, mTOR
complex 1 (mTORCI) and S6 kinase, leading to increases in
protein synthesis, cell motility and invasion (32). A previous
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study has indicated that TGF-31 acted in an autocrine manner
to enhance tumor cell invasion in pancreatic cancer by upregu-
lating MMP-2 (33). In another study, a significant association
was found between the expression of TGF-f1 and lymph
node involvement and the depth of invasion in pancreatic
cancer (34). In the present study, we found that TGF-31 expres-
sion in pancreatic cancer cells was decreased by metformin.
Notably, metformin treatment inhibited TGF-B1-induced
Smad2/3 phosphorylation in pancreatic cancer cells.

The desmoplastic reaction, which is a result of the prolif-
eration of activated PSCs and the increased deposition of
extracellular matrix (ECM) components, is a prominent patho-
logical characteristic of pancreatic cancer (35). Accumulating
evidence has indicated that the desmoplastic reaction in
pancreatic cancer contributes to the aggressive nature of this
malignancy by fostering tumor growth and metastatic spread,
as well as enhancing chemoradiotherapy resistance (36-39).
Thus, strategies targeting cancer-stroma interactions may serve
as a potential approach for pancreatic cancer treatment (8). In
pancreatic cancer, PSCs are activated by tumor-stromal inter-
actions, including direct contact with pancreatic cancer cells
and paracrine growth factors, such as TGF-f1, secreted from
pancreatic cancer cells (40,41). It has recently been reported
that metformin reduces desmoplasia in pancreatic cancer by
reducing the expression of inflammatory cytokines, resulting
in reduced disease progression (42). Our previous study also
indicated that metformin suppressed desmoplasia in pancre-
atic cancer by reducing TGF-B1 production in pancreatic
cancer cells and inhibiting paracrine-mediated PSC activation
both in vitro and in vivo (22). The anti-stromal behavior of
metformin has been previously verified in a genetically engi-
neered mouse model of pancreatic cancer (21). In the present
study, we also observed that a-SMA-positive cells were
markedly reduced in cancer tissues from KPC mice following
metformin treatment. Collectively, this evidence indicated
the anti-stromal properties of metformin, and that reduced
TGF-p1 production by cancer cells may be the underlying
mechanism.

In the past, we conducted a series of studies on the anti-
cancer effect of metformin on pancreatic cancer. Our previous
study revealed that metformin suppressed desmoplasic reac-
tion in pancreatic cancer by reducing TGF-$1 production
in cancer cells and suppressing paracrine TGF-f1-induced
PSC activation (22). In addition, both our in vitro and in vivo
experiments revealed that metformin inhibited the prolifera-
tion, invasion and migration of pancreatic cancer cells (22,43).
Furthermore, by using a genetic mouse model of pancreatic
cancer, our results confirmed the inhibitory effect of metformin
on pancreatic cancer initiation and progression (21). However,
whether the inhibitory effect of metformin on tumor inva-
sion and metastasis is mediated by targeting the autocrine
TGF-p1/Smad pathway remains unknown. Based on the
aforementioned research, in the present study, we investigated
the effect of metformin on TGF-1/Smad in pancreatic cancer
cells. Our results indicated that blocking autocrine TGF-f31
signaling was partially responsible for metformin-reduced cell
invasion properties. Therefore, the present study is a confirma-
tion and supplement to our previous studies.

In conclusion, the results from the present study indicated
that metformin suppressed the invasion, EMT and metastasis
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of pancreatic cancer by preventing autocrine TGF-31/Smad2/3
signaling both in vitro and in vivo. Thus, our study revealed a
new possible mechanism for the antitumor effects of metformin.
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