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Abstract. Smad4 is a common Smad and is a key downstream 
regulator of the transforming growth factor-β signaling 
pathway, in which Smad4 often acts as a potent tumor 
suppressor and functions in a highly context-dependent 
manner, particularly in pancreatic cancer. However, little is 
known regarding whether Smad4 regulates other signaling 
pathways involved in pancreatic cancer. The present study 
demonstrated that Smad4 downregulates c-Jun N-terminal 
kinase (JNK) activity using a Smad4 loss-of-function or 
gain-of-function analysis. Additionally, stable overexpres-
sion of Smad4 clearly affected the migration of human 
pancreatic epithelioid carcinoma PANC-1 cells, but did not 
affect cell growth. In addition, the present study revealed 
that upregulation of mitogen-activated protein kinase phos-
phatase-1 is required for the reduction of JNK activity by 
Smad4, leading to a decrease in vascular endothelial growth 
factor expression and inhibiting cell migration. Overall, the 
present findings indicate that Smad4 may suppress JNK 
activation and inhibit the tumor characteristics of pancreatic 
cancer cells.

Introduction

Pancreatic cancer is a devastating disease with an extremely 
poor prognosis, and patients often do not undergo cura-
tive surgery (1). Additionally, effective chemotherapy and 
radiotherapy treatments for pancreatic cancer are limited (1). 
The 5-year survival of patients with pancreatic cancer is 
0.4-4.0%, and has not significantly improved over the past 
three decades (2). Elucidating the molecular mechanism 
of pancreatic cancer may contribute to the early diagnosis 
and effective therapies for pancreatic cancer. Smad4, also 
referred to as deleted in pancreatic cancer locus 4, is local-
ized to chromosome 18q21, and was originally identified as 
a signaling mediator of the transforming growth factor-β 

(TGF-β) signaling pathway (3). It has been reported that tumor 
development is induced by a decrease in Smad4 in pancreatic 
cancer, and mutations of the Smad4 gene predict a poorer 
prognosis of patients with pancreatic ductal adenocarcinoma 
and pancreatic cancer (4-6). Furthermore, verbal evidence 
supports the role of Smad4 as a tumor suppressor gene in 
pancreatic tumorigenesis (7).

c-Jun N-terminal kinase (JNK) is a member of the 
mitogen-activated protein kinase (MAPK) family (8). JNK 
has two ubiquitously expressed isoforms, JNK1 and JNK2, 
and a tissue-specific isoform JNK3. Each isoform has two 
different splicing forms, p54 and p46 (9). The activation of 
JNK is mediated by sequential protein phosphorylation 
through MAPK kinase (MKK)4 and MKK7, which primarily 
function as two upstream kinases for JNK activation (10). The 
inactivation of JNK primarily depends on the dephosphoryla-
tion effect of phosphatases, including MAPK phosphatase-1 
(MKP-1) (11). Numerous studies have revealed that JNK is 
pivotal in tumorigenesis by enhancing cell proliferation and 
migration, and antagonizing apoptosis in digestive system 
tumors, including hepatocellular carcinoma and pancreatic 
cancer (12-14). A previous study has demonstrated that JNK 
is a potential therapeutic target for pancreatic cancer (15). In 
addition, knocking down JNK or introducing a JNK inhibitor 
factor results in growth inhibition of human pancreatic 
carcinoma cells. In a previous study, a mouse model with 
JNK inhibitor factor inhibits tumor growth and prolongs the 
survival time of the mice (16).

Various signaling pathways in cells constitute a complex 
network that interact with each other, which is referred to 
as cross-talk (17-19). Previous studies have revealed that the 
Smad signaling pathway downstream of TGF-β has compli-
cated interactions with MAPK members, including p38, JNK 
and extracellular signal-regulated kinases (ERKs) (19,20). 
Previous studies conducted over the past decade have 
revealed that the Smad2/3 complex is phosphorylated by JNK 
and p38 through direct or indirect ways; and this complex 
subsequently binds to Smad4, thus regulating downstream 
gene transcription (20). However, little is known regarding 
whether Smad4 regulates JNK and p38, and whether it affects 
the occurrence, development and metastasis of tumors. The 
present study reports that Smad4 suppresses JNK activity, and 
also inhibits the migration of human pancreatic epithelioid 
carcinoma PANC-1 cells by upregulating the expression of 
MKP-1.
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Materials and methods

Cell culture and transfection. Human embryonic kidney 
(HEK)-293T, human cervix adenocarcinoma epithelial 
HeLa and human pancreatic epithelioid carcinoma PANC-1 
cells were purchased from the American Type Culture 
Collection (Manassas, VA, USA). Human pancreatic adeno-
carcinoma AsPC-1, BxPC-3 and SW850 cells were obtained 
from Professor Hongyang Wang (National Center for Liver 
Cancer, Secondary Military Medical University, Shanghai, 
China). The cells were cultured in Dulbecco's modified Eagle 
medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% fetal bovine serum (FBS; 
Lanzhou Bailing Biotechnology Co., Ltd., Lanzhou, China), 
100 U/ml penicillin (North China Pharmaceutical Group Co., 
Ltd., Shijiazhuang, China) and 100 U/ml streptomycin (North 
China Pharmaceutical Group Co., Ltd.), and were maintained 
at 37˚C with 5% CO2. Cell transfection was performed 
using Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Stable clones were 
selected using 800 µg/ml puromycin (Thermo Fisher Scientific, 
Inc.) for ~2 months.

Mice. Female BALB/c mice (n=3), 6-8 weeks-old, were 
purchased from Institute of Experimental Animals, Military 
Medical Sciences Institution (Beijing, China). All mice were 
maintained at room temperature under specific pathogen-free 
conditions and exposed to 12 h light/dark cycles. The care, 
use and treatment of mice in the present study was in strict 
agreement with guidelines in the care and use of Laboratory 
Animal Manual set out by the Institute of Basic Medical 
Sciences (Beijing, China). The protocol was approved by 
the Institute of Basic Medical Sciences. All surgery was 
performed under sodium pentobarbital anesthesia, and all 
efforts were made to minimize suffering. Following anes-
thesia, the mouse thymus was removed, lyzed and subjected 
to western blot analysis.

Plasmid and small interfering (si) RNA. The HA-Smad4 
expression vector was generated by cloning a polymerase 
chain reaction (PCR) product into the pCDNA3.1+ vector 
(Thermo Fisher Scientific, Inc.), which was confirmed by 
DNA sequencing. The PCR were performed using a 
MasterCycler® Personal (Eppendorf, Hamburg, Germany). 
The synthesis of the primers for PCR and the DNA sequencing 
were performed by Beijing Sino Geno Max Co., Ltd. (Beijing, 
China). PCR was performed using Taq 2X PCR Mastermix 
[Tiangen Biotech (Beijing) Co., Ltd., Beijing, China]. The 
primers for the PCR were as follows: HA-Smad-4, forward 
5'-CCC AAG CTT GCC ACC ATG TAC GAT GTT CCA GAT 
TAC GCT ATG GAC AAT ATG TCT ATT ACG-3' and reverse 
5'-GCT CTA GAT ACG TCT AAA GGT TGT GGG-3'. Smad4 
siRNA (Smad4-1, CGA AUA CAC CAA CAA GUA ATT; 
Smad4-2, AGA UGA AUU GGA UUC UUU ATT), MKP-1 
siRNA-1 (GCA UAA CUG CCU UGA UCA A), MKP-1 
s i R NA-2  (CCA  AU U GUC CCA  ACC AU U  U )  a nd 
non-targeting control siRNA (scramble, UUC UCC GAA CGU 
GUC ACG UTT) were purchased from Shanghai GenePharma 
Co., Ltd. (Shanghai, China). siRNAs that target human JNK1 
and JNK2 messenger RNA were designed based on the 

1,013-1,031 nt (JNK1) and 461-479 nt (JNK2) sequences, 
relative to the translation start sites, and were purchased from 
GE Dharmacon (Lafayette, CO, USA) (21). The JNK siRNA 
sequences were as follows: 5'-CUG ACA AGC AGU UAG 
AUGA-3' for JNK1; 5'-CUA GCA ACA UUG UUG UGAA-3' 
for JNK2. PCR was performed under the following condi-
tions: Denaturation at 98˚C for 30 sec, followed by 30 cycles 
of 58˚C for 1 min, and a final extension step at 72˚C for 2 min. 
The PCR products were analyzed by 1.2% agarose gel 
(Sigma-Aldrich) electrophoresis and observed under ultra-
violet light (UV/White TMW-20 Transilluminator; UVP 
LLC, Upland, CA, USA).

Western blot analysis. Western blot analysis was performed 
as previously described (22). Briefly, the cells were washed 
twice with ice-cold phosphate-buffered saline and were 
lysed using 20 mM Tris/HCl (pH7.6; Amresco, Inc., Solon, 
OH, USA), 250 mM NaCl, 3 mM EDTA (Sigma-Aldrich, 
St. Louis, MO, USA), 3 mM ethylene glycol tetraacetic acid 
(Sigma-Aldrich), 0.5% NP-40 lysis buffer (Amresco, Inc.), 
1 mM dithiothreitol (Sigma-Aldrich), 1 mM p-nitrophenyl 
phosphate (Sigma-Aldrich), 2 mM Na3VO4 (Sigma-Aldrich) 
and 10 µg/ml aprotinin (Sigma-Aldrich). The whole cell 
extract was centifuged (Fresco 21; Thermo Fisher Scientific, 
Inc.) at 13,600 x g for 15 min at 4˚C, and the supernatants 
were subjected to 12% sodium dodecy1sulfate-polyacryl-
amide gel electrophoresis (2 h). Subsequently, the proteins 
were transferred to Hybond-P polyvinylidene difluoride 
membranes (GE Healthcare Life Sciences, Little Chalfont, 
UK). The membranes were initially incubated with primary 
antibody at 4˚C overnight, and then with horseradish 
peroxidase (HRP)-conjugated secondary antibodies for 1 h 
at room temprature. Bound antibody was detected using 
Amersham ECL Western Blotting Detection kit (catalog 
no. RPN2106; GE Healthcare Life Sciences) and X-ray film 
(Kodak, Rochester, NY, USA). The following primary anti-
bodies were used in a dilution of 1:1,000: Rabbit polyclonal 
anti-human phosphorylated (p-)JNK (catalog no. 9251; Cell 
Signaling Technology, Inc., Danvers, MA, USA), rabbit 
monoclonal anti-human p-p38 MAPK (catalog no. 9215; Cell 
Signaling Technology, Inc.), mouse monoclonal anti-human 
JNK1 (catalog no. 51-1570GR; BD Pharmingen™; BD 
Biosciences, Franklin Lakes, NJ, USA), rabbit mono-
clonal anti-human JNK2 (catalog no., 2037-1; Epitomics, 
Burlingame, CA, USA), rabbit polyclonal anti-human p38 
(catalog no. sc-535; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), rabbit polyclonal anti-hemagglutinin (HA)-probe 
(catalog no. sc-805; Santa Cruz Biotechnology, Inc.), rabbit 
polyclonal anti-human Smad4 (catalog no. 9515; Cell 
Signaling Technology, Inc.,), rabbit polyclonal anti-human 
MKP-1 (catalog no. sc-1199; Santa Cruz Biotechnology, Inc.), 
monoclonal mouse anti-human vascular endothelial growth 
factor (VEGF; catalog no. MAB293; R&D Systems, Inc., 
Minneapolis, MN, USA) and mouse monoclonal anti-human 
β-actin (catalog no. sc-47778; Santa Cruz Biotechnology, 
Inc.). A polyclonal goat anti-rabbit or goat anti-mouse 
HRP-conjugated secondary antibody (catalog no. ZB-2301 
and ZB-2305, respectively; both dilution 1:5000; Zhongshan 
Golden Bridge Biotechnology Co., Ltd., Beijing, China) were 
used at a dilution of 1:5,000. Densitometric analysis was 
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performed using Gel-Pro Analyzer 4.0 (Media Cybernetics, 
Inc., Rockville, MD, USA).

Cell proliferation and migration assay. Cells were seeded into 
a 24-well plate at a density of 2x104cells/well for 12 h. Cells 
were then incubated with 20 µM SP600125 (JNK inhibitor; 
Sigma-Aldrich) or 20 µM dimethyl sulfoxide. The viable 
cells were counted daily with a trypan blue stain (Yeasen 
Corporation, Shanghai, China). A migration assay was 
performed using a Transwell chamber (diameter, 6.5 mM; pore 
size, 8 µM; polycarbonate membrane; Corning Incorporated, 
Corning, NY, USA). In total, 3x104 PANC-1 cells in 0.1 ml 
serum-free DMEM were placed in the upper chamber, while 
the lower chamber was loaded with 0.5 ml 10% FBS-DMEM 
as a chemoattractant. Following incubation at 37˚C and 
5% CO2 for 6 h, the non-invading cells in the inserts were 
removed with cotton swabs. The migrated cells on the lower 
surface were stained with sulforhodamine B (Sigma-Aldrich) 
and counted under a microscope (ECLIPSE TS100; Nikon 
Corporation, Tokyo, Japan) in five randomly selected fields at 
a magnification of x400.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. The Student's t-test was used to compare the differ-

ences between groups. All statistical analysis was performed 
using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Smad4 suppressed JNK activity in PANC-1 cells and 
HEK-293T cells. To investigate whether Smad4 affects JNK 
activity in human pancreatic cancer cells, the present study 
first analyzed the effects of Smad4 using a gain-of-function 
analysis in PANC-1 cells (Fig. 1A). In addition, single clone 
PANC-1 cells that express stable levels of exogenous Smad4 
were established. Clones 7, 13, 14, 15 16, 20 and 22 were 
screened as exogenous Smad4 stably expressing clones, 
while clone 1 was referred to as a control clone transfected 
with a pCDNA3.1(+) empty vector. Western blot analysis 
revealed that these single clone cells exhibited a reduced 
JNK phosphorylation compared to the control clone, which 
was associated with Smad4 expression, particularly in clone 
no. 20 (Fig. 1B). Additionally, the present study investigated 
whether JNK phosphorylation was suppressed by Smad4 in 
non-pancreatic cells. A transient knockdown of Smad4 using 
siRNA partially elevated basal and tumor necrosis factor 

Figure 1. Smad4 suppressed JNK activity in human pancreatic epithelioid carcinoma PANC-1 and HEK-293T cells. (A) Human pancreatic adenocarcinoma 
AsPC-1, BxPC-3, SW850 and PANC-1 cells, human epithelial carcinoma HeLa cells and mouse thymocyte tissue were lysed with a lysis buffer, and the lysates 
were subjected to western blot analysis for the detection of Smad4 and actin. DR are shown for Smad4 and normalized with actin. (B) PANC-1 single clones that 
stably expressed Smad4 were lysed and subjected to western blot analysis with antibodies against Smad4, p-JNK, JNK, p-p38, p38 and actin. (C) HEK-293T 
cells were transfected with control or Smad4 siRNA. Following incubation for 72 h, the cells were stimulated with TNF-α or UV light for 15 min, and lysed 
on ice. The lysates were subjected to western blot analysis with antibodies against Smad4, p-JNK, JNK, p-p38 and p38. (D) HEK-293T cells were transfected 
with control vector or and hemagglutinin-Smad4 plasmid. Following TNF-α or UV light stimulation 24 h later, the cells were lysed, and the cell lysates were 
subjected to western blot analysis with antibodies against Smad4, p-JNK, JNK, p-p38 and p38. (B-D) DR are shown for p-JNK and normalized with JNK; DR 
are shown for p-p38 and normalized with p38. HEK, human embryonic kidney; p-, phosphorylated; JNK, c-Jun N-terminal kinase; siRNA; small interfering 
RNA; TNF, tumor necrosis factor; UV, ultraviolet; HA, hemagglutinin probe; Ctrl, control; DR, densitometric readings.

  A   B

  C   D
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(TNF)-α (10 ng/mL; R&D Systems, Inc.) or 302 nM UV light 
(CL-1000M Midrange Ultraviolet Crosslinker; UVP, Inc., 
Upland, CA, USA)-induced JNK and p38 phosphorylation 

compared to control siRNA in HEK-293T cells (Fig. 1C). 
Similarly, overexpression of Smad4 in HEK-293T cells 
attenuated the phosphorylation of JNK and p38 (Fig. 1D). 

Figure 2. Smad4 upregulated the expression of MKP-1. (A) HEK-293T cells were transfected with control vector or HA-Smad4 plasmid. Following 24 h, the 
cells were stimulated with TNF-α, and the protein levels of Smad4, MKP-1 and actin were analyzed using western blot analysis. (B) HEK-293T cells were 
transfected with control or Smad4 siRNA, and 72 h later, the expression levels of Smad4, MKP-1 and actin were analyzed using western blot analysis. DR 
are shown for MKP-1 and normalized with actin. (C) HEK-293T cells were co-transfected with control vector or HA-Smad4 plasmid and control or MKP-1 
siRNA. Following 15 min of TNF-α stimulation, the cells were lysed, and the expression levels of Smad4, MKP-1, JNK and phosphorylated JNK were 
analyzed using western blot analysis. DR are shown for p-JNK and normalized with JNK; densitometric readings are shown for MKP-1 and normalized with 
JNK. MKP-1, mitogen-activated protein kinase phosphatase-1; HEK, human epithelial kidney; TNF, tumor necrosis factor; p-, phosphorylated; JNK, c-Jun 
N-terminal kinase; siRNA; small interfering RNA; HA, hemagglutinin; Ctrl, control; DR, densitometric readings.

  A   B

  C

Figure 3. Smad4 suppressed cell migration, but not proliferation. (A) Human pancreatic epithelioid carcinoma PANC-1 cells were seeded into 24-well plates 
at a density of 2x104cells/well, and treated with DMSO or SP600125, a JNK inhibitor. The cells were counted daily between days 1 and 4. (B) PANC-1 single 
clones that stably expressed the control vector or Smad4 were seeded into 24-well plates at a density of 2x104cells/well, and counted daily between days 1 
and 4. (C) PANC-1 cells subjected to various treatments were analyzed by Transwell assay. The migrated cells on the lower surface of the membrane were 
stained with sulforhodamine B, and counted under a microscope in five randomly selected fields at a magnification of x400. Group 1, cells transfected with 
control vector or hemagglutinin-Smad4 plasmid; group 2, cells treated with DMSO or the JNK inhibitor SP600125; group 3, cells transfected with control or 
JNK siRNA. (D) PANC-1 cells were transfected with control, JNK1 or JNK2 siRNA. The cells were lysed following 72 h, and the lysates were subjected to 
western blot analysis with antibodies against phosphorylated JNK, JNK1, JNK2, vascular endothelial growth factor and actin. DR are shown for VEGF and 
normalized with actin. **P<0.01 vs. NC. JNK, c-Jun N-terminal kinase; siRNA; small interfering RNA; DMSO, dimethyl sulfoxide; p-, phosphorylated; VEGF, 
vascular endothelial growth factor; NC, negative control; Ctrl, control; DR, densitometric readings.

  A   B

  C   D
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These results suggest that Smad4 suppressed JNK activity in 
various cell types.

Smad4 suppressed JNK activity by upregulating MKP-1. 
MKP-1 is a nuclear-localized phosphatase that dephos-
phorylates MAPK ERK, p38 and JNK (23). To investigate the 
potential role of MKP-1 in the association between Smad4 
and JNK, HA-Smad4 and Smad4 siRNA were transfected 
into PANC-1 cells. Western blot analysis demonstrated that 
MKP-1 protein was upregulated with Smad4 overexpression, 
but downregulated in Smad4 knockdown cells (Fig. 2A and B). 
To additionally examine the role of MKP-1 in this biological 
process, PANC-1 cells were transfected with the HA-Smad4 
vector, followed by silencing of MKP-1 using siRNA, and 
stimulation with TNF-α. As expected, the suppression of JNK 
phosphorylation by Smad4 was partially reversed under the 
conditions of MKP-1 knockdown (Fig. 2C). Therefore, MKP-1 
upregulation was pivotal in Smad4-regulated suppression of 
JNK phosphorylation.

Smad4 suppressed migration, but not proliferation, via JNK 
activity in PANC-1 cells. JNK activity has been reported to 
contribute to oncogenicity by promoting tumor cell prolifera-
tion and migration (24). Therefore, it is important to investigate 
whether Smad4 affects the oncogenicity of PANC-1 cells via 
JNK. Notably, a PANC-1 single clone that stably expressed 
HA-Smad4 exhibited no differences, compared with the control 
vector (Fig. 3A). The JNK inhibitor also exhibited no effects on 
PANC-1 cell proliferation (Fig. 3B). However, in the migration 
analysis, the PANC-1 cells that stably overexpressed Smad4 
exhibited a weakened ability for migration. Knockdown of JNK 
and the use of the JNK inhibitor demonstrated a similar ability 
to attenuate the migration of the PANC-1 cells (Fig. 3C; P<0.01). 
VEGF is a key factor in tumor cell migration (25). Therefore, 
JNK siRNAs were used in the present study to examine the asso-
ciation between JNK activity and migration in PANC-1 cells. 
Silencing of JNK1 and JNK2 using siRNA inhibited VEGF 
expression in PANC-1 cells (Fig. 3D). These results collectively 
suggest that Smad4 regulates cell migration by suppressing JNK 
activity and JNK-dependent VEGF expression.

Discussion

Pancreatic cancer is a devastating disease with an extremely 
poor prognosis and a 0.4-4% survival rate (2). Elucidating the 
molecular mechanisms of pancreatic cancer may contribute 
to the early diagnosis and effective therapies for patients with 
pancreatic cancer. It has been demonstrated that Smad4 dele-
tions are associated with pancreatic cancer metastasis, and 
Smad4 gene mutations are associated with poor prognosis in 
pancreatic cancer (1,2). Previous studies have established that 
Smad4 may interact with other signaling pathways, including 
Notch and MAPK, and function independently of TGF-β (20). 
Despite clear evidence of the association between Smad4 and 
pancreatic cancer (1,4-6), the mechanism of the cross-talk 
between Smad4 and other signaling pathways that affect the 
development of pancreatic cancer remains unclear.

JNK activity is reported to be pivotal in tumor development, 
particularly in gastrointestinal tumors, including hepatocellular 
carcinoma (12), colon cancer (26) and pancreatic cancer (27). 

In human colorectal cancer, JNK phosphorylates Smad2/3, 
which results in normal colorectal epithelial cells transforming 
to invasive adenocarcinoma (28). However, whether and how 
Smad4 regulates JNK activity in pancreatic cancer is unknown. 
The present study demonstrated that Smad4 suppresses JNK 
activity by elevating MKP1 expression, resulting in reduced 
VEGF expression and inhibited cell migration. For additional 
confirmation of these results, the JNK inhibitor SP600125 and 
JNK siRNA were used in the present study. The present results 
revealed that the inhibition of JNK by siRNA or SP600125 
impaired cell migration and caused overexpression of Smad4 
in PANC-1 cells. Overall, the present results suggest that 
Smad4 acts as a tumor suppressor not only through the TGF-β 
pathway, but also through the JNK/MAPK pathway.

It is of interest that Smad4 inhibits JNK activity not only 
in malignant cells, but also in normal cells (29,30). Western 
blot analysis performed in the present study indicated that 
Smad4 also suppressed JNK activity in HEK-293T cells, 
suggesting that the Smad4-mediated suppression of JNK 
may be a universal event. Furthermore, in isolated murine 
T cells, JNK phosphorylation was inversely associated with 
Smad4 protein expression (data not shown). Previous studies 
have indicated that constitutive JNK activity may promote the 
malignancy of B and T cells (21,31), while mice with a Smad4 
deletion were observed to spontaneously develop gastroin-
testinal cancer (32,33). The possibility that a Smad4 deletion 
may initiate pancreatic cancer in humans is unclear. The data 
presented in the current study associated a decrease in Smad4 
expression with increased migration of PANC-1 cells, which 
was accompanied by enhanced JNK activity due to the lack 
of Smad4. Therefore, the present results suggest that a Smad4 
deletion may cause the development of pancreatic cancer, 
which may be accelerated due to increased JNK activity.
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