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Abstract Transforming growth factor β (TGFβ) receptor
signaling plays a paradoxical effect in the tumorigenesis of
pancreatic ductal adenocarcinoma (PDAC), in which its
tumor-inhibitory role at early stages turns into a tumor-
promoting role at later stages. The underlying mechanism
remains far from clear. Here we provide strong evidence that
the activation of TGFβ receptor signaling in PDAC cells
increased SMAD3 phosphorylation and nuclear translocation
to inhibit cell growth. Meanwhile, it also activated SMAD7 to
induce nuclear translocation and retention ofβ-catenin, which
not only attenuated the inhibition of cell growth by nuclear
SMAD3 but also activated vascular endothelial growth factor
A (VEGF-A) to promote vascularization. Our data thus sup-
port a model involving crosstalk of the TGFβ and Wnt sig-
naling pathways, for regulating the complicated effect of
TGFβ signaling on the tumorigenesis of PDAC.
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Introduction

Pancreatic cancers originate from both the endocrine and
exocrine pancreas. Pancreatic ductal adenocarcinoma
(PDAC) is an exocrine tumor, which represents over 90 %
of all pancreatic malignant tumors [1]. PDAC patients suffer

from a very poor prognosis and the 5-year survival rate of
PDAC is as low as 5 %, largely due to its local expansion and
invasion, early metastasis, and potential resistance to conven-
tional therapies [1]. Since PDAC is often asymptomatic or
lacks specific symptoms in its early stage, it may have reached
an advanced stage and may have also metastasized when the
symptoms occur.

The transforming growth factor β (TGFβ) receptor signal-
ing pathway plays critical and complicated roles in various
biological events [2–7] and specifically has a paradoxical
effect on the tumorigenesis of PDAC, in which its tumor-
inhibitory role at early stages turns into a tumor-promoting
role at later stages [8–10]. When a ligand binds to a type II
TGFβ receptor, it catalyzes the phosphorylation of a type I
TGFβ receptor, which triggers phosphorylation of two intra-
cellular proteins, SMAD2 and SMAD3, to form heteromeric
complexes with SMAD4. The activated SMAD complexes
then translocate to the nucleus, where they regulate the tran-
scription of target genes [2]. SMAD6 and SMAD7 have
inhibitory roles on SMAD3 signaling. In the pancreas, only
SMAD7 is expressed and is upregulated at the transcriptional
level after binding of the ligands to a receptor [11–13].
SMAD7 can block R-SMAD phosphorylation [14], degrade
type I receptors [15], and exert the inhibitory effect in the
nucleus [16]. Although the critical role of the TGFβ signaling
pathway during tumorigenesis of PDAC has beenwell shown,
its exact molecular mechanism as well as its paradoxical role
at different stages of the cancer remains unclear.

The vascular endothelial growth factor (VEGF) family is
the most important signal protein in vasculogenesis and an-
giogenesis during development, tissue regeneration and re-
pair, and tumorigenesis [17]. The VEGF family is composed
of six secreted proteins: VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E, and placental growth factor (PLGF)
[18], among which VEGF-A appears to be the most abundant
and most potent angiogenic factor [19, 20]. By differential
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mRNA splicing, the human VEGF-A gene can give rise to
three protein isoforms, VEGF121, VEGF165, and VEGF189.
Whereas VEGF189 is heparin-binding and mainly associated
with the cell surface and with the extracellular matrix,
VEGF121 is freely diffusible due to the lack of exons 6 and 7
that encode heparan sulfate proteoglycan-binding domains.
The predominant isoform, VEGF165, appears to have the
highest bioavailability and biological potency and exhibits
only partial binding to the cell surface and extracellular ma-
trix. VEGF-A-mediated increase in angiogenesis of PDAC
and other tumors has been shown to be critical for cancer
growth and metastasis [21–25], while its regulation by the
TGFβ receptor signaling pathway in PDAC has been rarely
addressed before [26].

Here we aimed to figure out the precise role of the TGFβ
receptor signaling pathway in the growth of PDAC and dissect
the underlying mechanism. We provide strong evidence that
the activation of TGFβ receptor signaling in PDAC cells
increased SMAD3 phosphorylation and nuclear translocation
to inhibit cell growth. Meanwhile, it also activated SMAD7 to
induce nuclear translocation and retention ofβ-catenin, which
not only attenuated the inhibition of cell growth by nuclear
SMAD3 but also activated VEGF-A to promote vasculariza-
tion. Our data thus support a model involving crosstalk of the
TGFβ and Wnt signaling pathways, for regulating the com-
plicated effect of TGFβ signaling on the tumorigenesis of
PDAC.

Materials and methods

Cell line culture

PANC-1 has been generated from a human carcinoma of the
exocrine pancreas in 1975 [27] and was purchased from
ATCC. PANC-1 was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 20 % fetal
bovine serum (Invitrogen, Carlsbad, CA, USA).
Recombinant TGFβ was purchased from Sigma (USA).

Plasmid transfection

TGFβ, with (by a 2A sequence to connect) or without small
short hairpin interfering RNA (shRNA) for SMAD3 or
SMAD7 construct, was sub-cloned into pcDNA3.1-EGFP.
The small 2A peptide sequences, when cloned between genes,
allow for efficient, stoichiometric production of discrete pro-
tein products within a single vector through a novel cleavage
event within the 2A peptide sequence. Transfection was per-
formed with Lipofectamine 2000 reagent (Invitrogen,
USA), according to the instructions of the manufacturer.
Stable transduced PANC-1 cells were purified by flow
cytometry based on GFP.

Cell proliferation assay

For assay of cell proliferation, pretreated cells were seeded
into a 96-well plate at 5000 cells per well and subjected to a
cell proliferation kit (MTT, Roche, USA), according to the
instruction from the manufacturer.

Western blot

Nuclear and cytoplasmic proteins were isolated from the
cultured cells with Nuclear and Cytoplasmic Extraction Kit
(Thermo Scientific, USA). The primary antibodies were
rabbit anti-SMAD3, anti-phosphorylated SMAD3,
anti-β-catenin, anti-LaminB1, and anti-α-tubulin (all
from Cell Signaling, USA). The secondary antibody is
HRP-conjugated anti-rabbit (Jackson Labs, USA).
Figure images were representative from five repeats. α-
Tubulin (cytosol protein (CY)) and LaminB1 (nuclear protein
(NU)) were used as protein loading controls.

RT-qPCR

Total RNAwas extracted from cells with RNeasy Kit (Qiagen,
Hilden, Germany). cDNA was then synthesized by reverse
transcription (Qiagen). Quantitative real-time PCR (RT-
qPCR) was performed in duplicate with QuantiTect SYBR
Green PCR Kit (Qiagen). All primers were purchased from
Qiagen. Values of genes were first normalized against α-
tubulin and then compared to controls.

Statistical analysis

All statistical analyses were carried out using the SPSS 18.0
statistical software package. All values are depicted as
mean±standard deviation from five individuals and are
considered significant if p<0.05. All data were statisti-
cally analyzed using one-way ANOVA with a Bonferroni
correction.

Results

Activation of TGFβ receptor signaling in PDAC cells
increased nuclear translocation of SMAD3 and β-catenin
and activated SMAD7 and VEGF-A

In order to understand the paradoxical role of TGFβ receptor
signaling in the pathogenesis of PDAC, we used a human
PDAC line, PANC-1, to study the interaction of TGFβ recep-
tor signaling with other signaling pathways, which might be
responsible for the complicated effects of TGFβ receptor
signaling in PDAC. We gave PANC-1 cells with TGFβ1 to
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robustly activate the receptor. We found that activation of
TGFβ receptor signaling by TGFβ1 not only significantly
increased the transcript level of SMAD7, which is consistent
with the established TGFβ receptor signaling pathway, but
also significantly increased the transcript level of VEGF-A,
suggesting an angiogenic effect (Fig. 1a).

Moreover, activation of TGFβ receptor signaling by
TGFβ1 in PANC-1 cells significantly increased phosphoryla-
tion and nuclear translocation of SMAD3 (Fig. 1b), a direct
effector of the activated TGFβ receptor signaling, which is
supposed to be responsible for inhibition of cell growth.
Furthermore, we also detected a less potent but signif-
icant nuclear translocation of β-catenin (Fig. 1b), the
key factor in the Wnt signaling pathway, which has an
established role in promoting cell growth in many cell
types. Thus, these data suggest that nuclear translocation
of β-catenin may be induced by TGFβ1 stimulation on
PANC-1 cells to attenuate the inhibition of cell growth
by nuclear SMAD3.

SMAD3 phosphorylation and nuclear translocation inhibited
PDAC cell growth

Since both SMAD3 and SMAD7 are two direct targets of an
activated TGFβ receptor signaling and both were activated by
TGFβ1 in PANC-1 cells (Fig. 1a, b), we thus tried to deter-
mine whether the SMAD3 or SMAD7 signal transduction
pathway was responsible for the nuclear translocation of β-
catenin and activation of the Wnt signaling pathway. Then we
overexpressed TGFβ1 in PANC-1 cells, with or without a
shRNA for SMAD3 or SMAD7 (PDAC-TGFβ1, PDAC-
TGFβ1-shSMAD3, PDAC-TGFβ1-shSMAD7), for specifi-
cally inhibiting one downstream signal cascade. Metformin
increased the phosphorylation of β-catenin and decreased β-
catenin protein levels leading to suppression ofWnt/β-catenin
signaling [28]. We thus gave metformin to TGFβ1-
overexpressing PNAC-1 cells (PDAC-TGFβ1//metformin)
to strongly promote phosphorylation of β-catenin and prevent
its nuclear translocation for inhibitingWnt signaling. PANC-1
cells transduced with a null plasmid were used as a control
(PDAC-null).

Overexpression of TGFβ1 in PDAC-TGFβ1, PDAC-
TGFβ1-shSMAD3, and PDAC-TGFβ1-shSMAD7 cells, as
well as inhibition of SMAD7 in PDAC-TGFβ1-shSMAD7
cells, was all confirmed by RT-qPCR (Fig. 2a). Inhibition of
nuclear SMAD3 in PDAC-TGFβ1-shSMAD3 cells and inhi-
bition of nuclearβ-catenin in PDAC-TGFβ1//metformin cells
were assured by Western blot (Fig. 2b).

TGFβ1 stimulation resulted in significant inhibition in cell
growth, which was abolished by SMAD3 knockout, or was
augmented by SMAD7 knockout (Fig. 3), suggesting that the
inhibitory effect of TGFβ1 stimulation on PDAC cells was
mediated by SMAD3 phosphorylation and nuclear transloca-
tion, which was inhibited by SMAD7.

β-Catenin nuclear translocation attenuated cell growth
inhibitory effect by nuclear SMAD3 in PDAC cells

Cell growth inhibition by TGFβ1 stimulation was further
augmented by metformin-induced inhibition of β-catenin nu-
clear translocation (Fig. 3), suggesting that β-catenin nuclear
translocation may attenuate the inhibitory effect of TGFβ1
stimulation on the growth of PDAC cells.

β-Catenin nuclear translocation was induced by SMAD7
in PDAC cells

SMAD7 knockout in PDAC-TGFβ1-shSMAD7 cells
completely inhibited TGFβ1-inducedβ-catenin nuclear trans-
location (Fig. 2b), resulting in a further decrease in cell
growth. However, SMAD3 knockout in PDAC-TGFβ1-
shSMAD3 cells did not affect TGFβ1-induced β-catenin
nuclear translocation (Fig. 2b). These data suggest that β-
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Fig. 1 Activation of TGFβ receptor signaling in PDAC cells increased
nuclear translocation of SMAD3 and β-catenin and activated SMAD7
and VEGF-A.We used a human PDAC line, PANC-1, to study the TGFβ
receptor signaling. We gave PANC-1 cells with TGFβ1 to robustly
activate the receptor. aActivation of TGFβ receptor signaling by TGFβ1
increased the transcript levels of SMAD7 and VEGF-A. b Activation of
TGFβ receptor signaling by TGFβ1 significantly increased phosphory-
lation and nuclear translocation of SMAD3 and β-catenin. LaminB1 was
used as a loading control for nuclear protein (NU).α-Tubulin was used as
a loading control for cytosol protein (CY). *p<0.05
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catenin nuclear translocation may be induced by SMAD7
activation, but not SMAD3 modulation, in PDAC cells.

β-Catenin nuclear translocation activated VEGF-A

Interestingly, similar to what we had found in TGFβ1-treated
PANC-1 cells, here we detected that TGFβ1-overexpressing
PANC-1 cells (PDAC-TGFβ1) also upregulated VEGF-A
(Fig. 2a). Moreover, this upregulation in VEGF-A was
abolished by inhibition of SMAD7 (PDAC-TGFβ1-
shSMAD7), but not by inhibition of SMAD3 (PDAC-
TGFβ1-shSMAD3) (Fig. 2a). Furthermore, metformin also
inhibited VEGF-A activation in TGFβ1-overexpressing

PANC-1 cells (PDAC-TGFβ1//metformin) (Fig. 2a), suggest-
ing that VEGF-A may be activated through SMAD7-induced
β-catenin nuclear translocation, in response to TGFβ1 stimu-
lation. VEGF-A upregulation may improve cancer vasculari-
zation and subsequently facilitate its growth and invasion, as a
possible contributor to the cancer-promoting role of TGFβ
receptor signaling in the later stages of PDAC, in contrast to
its growth-inhibitory role at the early stages.

B

A

0

10

6

4

2

8

TGFβ1 SMAD3 SMAD7 VEGF-A

PDAC-nu
ll

PDAC-TGFβ1
PDAC-null

PDAC-TGFβ1-shSMAD3
PDAC-TGFβ1-shSMAD7
PDAC-TGFβ1//Metformin

PDAC-TGFβ1

PDAC-TGFβ1-sh
SMAD3

PDAC-TGFβ1-sh
SMAD7

PDAC-TGFβ1//M
etfo

rm
in

NS

NS

NS

NS

NS

NS

NS

NS

SMAD3

β-catenin

α-tubulin

LaminB1

Fo
ld

 c
ha

ng
e 

in
 g

en
e

tra
ns

cr
ip

t i
n 

PD
AC

 c
el

ls

* * * * *

*

CY NU CY NU CY NU CY NU CY NU

Fig. 2 Effects of TGFβ1,
SMAD3, and SMAD7
modulation on protein nuclear
translocation in PDAC cells. We
overexpressed TGFβ1 in PANC-
1 cells, with or without shRNA
for SMAD3 or SMAD7 (PDAC-
TGFβ1, PDAC-TGFβ1-
shSMAD3, PDAC-TGFβ1-
shSMAD7). We also gave
metformin to TGFβ1-
overexpressing PNAC-1 cells
(PDAC-TGFβ1//metformin) to
strongly promote phosphorylation
of β-catenin and prevent its
nuclear translocation for
inhibiting Wnt signaling. PANC-
1 cells transduced with a null
plasmid were used as a control
(PDAC-null). a RT-qPCR for
gene transcripts. b Western blot
for nuclear and cytosol proteins.
LaminB1 was used as a loading
control for nuclear protein (NU).
α-Tubulin was used as a loading
control for cytosol protein (CY).
*p<0.05. NS non-significant
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Fig. 3 Effects on cell growth by modulation of TGFβ receptor signaling
in PDAC cells. Cell growth was evaluated in a MTT assay and day 2
relative O.D. 570 nm values are shown, representing cell number.
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Discussion

PDAC is the most common type of pancreatic tumor, with an
extremely high lethality. The low 5-year survival rate of
PDAC largely results from its lack of specific symptoms in
its early stages, leading to poor early prognosis. Therefore, the
understanding of the mechanism regulating the outgrowth of
PDAC appears to be critical for its early prognosis and therapy
[1]. The TGFβ receptor signaling pathway plays critical and
complicated roles in various biological events [2–7] and spe-
cifically has a paradoxical effect on the tumorigenesis of
PDAC, in which its tumor-inhibitory role at early stages turns
into a tumor-promoting role at later stages [8–10]. Since
TGFβ receptor signaling mainly transduces from phosphory-
lation and subsequent nuclear translocation of SMAD2 or
SMAD3, which is attenuated by SMAD7 as a negative feed-
back, we thus examined SMAD3 and SMAD7 pathways.
SMAD3 is directed bound by SMAD7. However, this is at
the protein level. So far, there are no reports on the regulation
of SMAD3 transcription by SMAD7 [15].

We used a human PDAC line, PANC-1, to study the
transduction cascades of TGFβ receptor signaling. We found
that activation of TGFβ receptor signaling by TGFβ1 not
only significantly induced nuclear translocation of SMAD3
and increased the transcript level of SMAD7 but also signif-
icantly increased the transcript level of VEGF-A and induced
nuclear translocation ofβ-catenin. Thus, we hypothesized that
neovascularization and the Wnt signaling pathway may be
also regulated by TGFβ receptor signaling, besides cell
growth.

To further understand the underlying mechanism, we thus
overexpressed TGFβ1 in PANC-1 cells, with or without a
shRNA for SMAD3 or SMAD7. We also gave metformin to
TGFβ1-overexpressing PANC-1 cells to strongly promote
phosphorylation of β-catenin and prevent its nuclear translo-
cation for inhibiting Wnt signaling. TGFβ1 stimulation re-
sulted in significant inhibition of cell growth, which was
abolished by SMAD3 knockout, or was augmented by
SMAD7 knockout or inhibition of β-catenin nuclear translo-
cation, suggesting that the inhibitory effect of TGFβ1 stimu-
lation on PDAC cells was mediated by SMAD3 phosphory-
lation and nuclear translocation, which was inhibited by
SMAD7 or β-catenin nuclear translocation. To determine
the causal link between SMAD7 and β-catenin nuclear trans-
location, we examined β-catenin nuclear translocation in
SMAD7-knockout PDAC-TGFβ1-shSMAD7 and SMAD3-
knockout PDAC-TGFβ1-shSMAD3 cells. Our data strongly
support that β-catenin nuclear translocation is induced by
SMAD7 activation, but not SMAD3 modulation, in PDAC
cells. We also looked at the effect on VEGF-A by TGFβ1
stimulation. The upregulation in VEGF-A by TGFβ1 stimu-
lation was abolished by inhibition of SMAD7, but not by
inhibition of SMAD3. Further, metformin also inhibited

VEGF-A activation in TGFβ1-overexpressing PANC-1 cells,
suggesting that VEGF-A may be activated through SMAD7-
induced β-catenin nuclear translocation, in response to
TGFβ1 stimulation. Since VEGF-A upregulation may im-
prove vascularization of PDAC and subsequently facilitate
its growth and invasion, it may positively contribute to the
long-term survival and progress of PDAC. Thus, although
TGFβ receptor signaling may inhibit cancer cell growth in
the early stages of PDAC, its promoting role in angiogenesis
may improve the long-term survival and progress of PDAC,
and it appears to be tumorigenesis-enhancing at the later
stages. Our study thus provides a novel model to explain the
paradoxical role of TGFβ receptor signaling in the develop-
ment of PDAC (Fig. 4).
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