
Page 1/29

Pharmacological Inhibition of STAT3 Attenuates
Pancreatic Cancer Cell Invasion and Migration By
Interacting with TGF-Β/Smad Signaling
hangcheng guo 

Wenzhou Medical University First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
yanyi xiao 

Wenzhou Medical University First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Xuejia Yang 

Wenzhou Medical University First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Ziwei Yuan 

Wenzhou Medical College First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Qinbo Chen 

Wenzhou Medical University First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Jiawei Chen 

Wenzhou Medical College First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Chaoyue Chen 

Wenzhou Medical College First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Mengsi Wang 

Wenzhou Medical College First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Lumeng Shang 

Wenzhou Medical College First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Lili Xie 

Wenzhou Medical University First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Qiyu Zhang 

https://doi.org/10.21203/rs.3.rs-1055773/v1


Page 2/29

Wenzhou Medical College First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University
Yongheng Bai  (  wzbyh@wmu.edu.cn )

Wenzhou Medical University First A�liated Hospital: The First A�liated Hospital of Wenzhou Medical
University

Research

Keywords: Pancreatic ductal adenocarcinoma, epithelial-mesenchymal transition (EMT), STAT3, TGF-
β/Smad

Posted Date: November 16th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-1055773/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

mailto:wzbyh@wmu.edu.cn
https://doi.org/10.21203/rs.3.rs-1055773/v1
https://creativecommons.org/licenses/by/4.0/


Page 3/29

Abstract

Background
Pancreatic ductal adenocarcinoma (PDAC) is a gastrointestinal malignancy with extremely poor
prognosis, primarily due to the in�ltration and metastasis of tumor cells. Many studies have shown that
the TGF-β/Smad signaling-mediated EMT pathway is a key driving factor of in�ltration and metastasis of
pancreatic cancer cells, and aberrant STAT3 activation is vital to pancreatic cancer cell metastasis. In this
study, a small molecule antagonist, Stattic, was used for targeted STAT3 inhibition, its interaction with
TGF-β/Smad signaling was observed, and EMT of pancreatic cancer cells was inhibited to decrease its
metastasis and in�ltration.

Methods
The effects of Stattic on the invasion, in�ltration, and EMT of pancreatic cancer cells were studied. We
also evaluated the effects of Stattic on the STAT3 and TGF-β/Smad signaling pathways and studied the
interactions between STAT3 and TGF-β/Smad signaling using overexpression and siRNA techniques.

Results
Stattic inhibited the invasion and in�ltration of pancreatic cancer cells in a dose- and time-dependent
manner, which was related to EMT inhibition and subsequent downregulation of extracellular matrix
components. Stattic downregulated the expression of metalloproteases, such as MMP-2, and also
inhibited the expression of EMT-TFs, such as Snail1 and Slug, and downregulated downstream HIF1α and
VEGF expression to inhibit angiogenesis. Mechanistically, in in vitro cell models and in vivo nude mouse
tumorigenicity models, Stattic treatment signi�cantly downregulated the protein levels of the matrix
synthesis-promoting factor TGF-β and the phosphorylation and nuclear import of its downstream
Smad2/3. These results suggest that Stattic inactivates TGF-β/Smad signaling to antagonize EMT and
eventually inhibit the invasion and in�ltration of pancreatic cancer cells. Stattic is a small molecule
inhibitor of STAT3 that can downregulate STAT3 activity, which is enhanced by Smad4-dependent TGF-
β/Smad signaling. Interestingly, IL-6 or STAT3 overexpression promotes EMT but in a non-TGF-β/Smad-
dependent manner, and is regulated by antagonism between STAT3 and Smad4.

Conclusions
The application of Stattic pharmacologically to inhibit STAT3 decreases the invasion and in�ltration of
pancreatic cancer cells, which may be achieved through interactions with TGF-β/Smad signaling and
EMT antagonism.
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Background
Pancreatic cancer is a highly malignant gastrointestinal tumor with an extremely poor prognosis.
Epidemiological data show that the 5-year survival rate of pancreatic cancer patients is less than 8% [1].
At present, surgery is considered as the mainstay method for treating pancreatic cancer. However, most
patients will miss the opportunity for surgery due to invasion and metastasis of pancreatic cancer cells.
Even after surgery, extensive dissemination of metastases results in poor e�cacy and prognosis [2–4].
Therefore, examining the invasion and metastasis capacity of pancreatic cancer cells may be key in
determining patient prognosis.

Pancreatic ductal adenocarcinoma (PDAC), a ductal differentiated invasive tumor of epithelial origin, is
the most common type of pancreatic cancer, accounting for 80–90% of pancreatic cancers, and is
characterized by signi�cant interstitial �brous tissue hyperplasia [5, 6]. Epithelial-mesenchymal transition
(EMT) is one of the main causes driving the invasion and metastasis of PDAC [7]. During EMT, pancreatic
ductal cells with epithelial characteristics undergo induction by KRAS or mutant TP53 [8, 9], or
stimulation by external injury factors, such as hypoxia and various growth factors. This results in the loss
of epithelial cell markers, such as E-cadherin and ZO-1, and leads the cells to differentiate into
mesenchymal cells, which highly express N-cadherin and α-SMA and are more suited to growth in an
injury microenvironment and have a tendency to migrate. Currently, it is believed that the activation of
TGF-β/Smad is one of the factors driving EMT induction [10, 11]. TGF-β binds to its receptor TGF-βR1 and
affects TGF-βR2 phosphorylation. The latter promotes phosphorylation of the carboxy terminal of the
intracellular signal effector proteins Smad2 and Smad3 (canonical pathway) to form a Smad multimeric
complex under the action of cytoplasmic Smad. This complex enters the nucleus and binds to speci�c
regulatory elements on target genes to induce the transcription of downstream target genes and promote
a series of biological behaviors, including EMT [12, 13]. Whole genome sequencing has shown that loss
of Smad4 is present in 60% of pancreatic cancers. Loss of Smad4 can cause a defect in TGF-β/Smad
signaling and the activation of non-canonical TGF-β signaling. Non-canonical TGF-β signaling causes
EMT through the RhoA, Ras, and MAP3K7 pathways [14–16]. Therefore, the presence or absence of
Smad4 induces tumor cell EMT through different ways and leads to invasion and metastasis of
pancreatic cancer cells.

Previous studies have shown that STAT3 activation is involved in EMT of pancreatic cancer cells. After IL-
6 stimulation, STAT3 is activated and can activate EMT-related transcription factors, such as Snail1 and
Snail2 (slug), to abrogate E-cadherin expression and promote the expression of N-cadherin and α-SMA
[17, 18]. STAT3 activation also promotes EMT through coupling with TGF-β/Smad signaling. Studies
have shown that STAT3 selectively interacts with Smad3 to antagonize its binding with Smad4, thereby
inhibiting nuclear import of its complex and ultimately antagonizing TGF-β signal transduction [19, 20].
STAT3 phosphorylation is also inhibited by Smad4, thereby blocking TGF-β-induced tumor cell in�ltration
and metastasis [21]. Regulating STAT3 activity, such as by using small molecule inhibitors, may be a
potential strategy to inhibit pancreatic cancer metastasis.
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In this study, we evaluated the effects of the STAT3 small molecule antagonist, Stattic, on pancreatic
cancer invasion and metastasis in in vivo and in vitro experiments. We also examined the crosstalk
between STAT3 signaling and TGF-β/Smad signaling in EMT. Our results showed that Stattic can block
EMT, both by reducing TGF-β/Smad signaling activity and Smad4-dependent STAT3 inactivation, to
inhibit the invasion and in�ltration of pancreatic cancer cells. Moreover, we found that a small molecule
agonist or STAT3 overexpression reversed the antineoplastic effects of Stattic in a non-TGF-β/Smad-
dependent manner. Therefore, Stattic antagonism of pancreatic cancer metastasis may be achieved by
regulating crosstalk between STAT3 and TGF-β/Smad pathways.

Methods
Cell culture

Pancreatic cancer cells (PANC-1, BxPc-3, Patu-8988, and CFPAC-1) and a normal pancreatic ductal
epithelial cell line (hTERT-HPNE) were obtained from National Collection of Authenticated Cell Cultures
(Shanghai, China). PANC-1, Patu-8988, and hTERT-HPNE cells were cultured in Dulbecco’s Modi�ed
Eagle’s Medium (DMEM, Gibco Inc, Invitrogen, USA). CFPAC-1 and BxPc-3 cells were grown in Roswell
Park Memorial Institute-1640 medium (RPMI-1640, Invitrogen). Both types of media 10% fetal bovine
serum (FBS, Invitrogen), 100 U·ml-1 penicillin, and 100 μg·ml-1 streptomycin (Invitrogen) added as nutrient
supplements and antibacterial drugs. The cells were cultured in a 37°C and 5% CO2 cell culture incubator.
Stattic used in the experiments was purchased from MCE (Fig. 1A, CAS No: 19983-44-9, MCE, China), as
was human IL-6. Recombinant human TGF-β1 was purchased from Peprotech (Suzhou, China).

Lentivirus transfected cells and overexpression of Smad4

The lentiviruses, plasmids, and negative control were designed and manufactured by Jikai Gene
(Shanghai, China). The lentivirus operation manual of Jikai Gene was used as a reference for the
experimental protocol. Brie�y, PANC-1 cells were infected with lentiviruses (LV-STAT3,24120-1, Ubi-MCS-
3FLAG-CBh-gcGFP-IRES-puromycin) at a multiplicity of infection (MOI) of 10 and the negative control
group was infected with the negative control lentivirus (CON355). The cells were seeded in a 6-well plate
at a concentration of 1.5 × 105 of cells per well. When the cells showed adherent growth, the
corresponding amount of lentiviruses and 40 μl of virus infection reagent HitransG P (Jikai Gene) were
added to increase the infection rate. After 24 h of lentivirus infection, the culture medium was changed to
complete culture medium and the cells were cultured for a further 2 days. Subsequently, 1.5 μg/ml and
0.5 μg/ml puromycin were used to screen cells that were successfully infected with lentiviruses for
subsequent experiments. For Smad4 overexpression in BxPc-3 cells, the overexpression plasmid
sequence (SMAD4-F-Flag-Hind , 5′-
CGAAGCTTATGGACTACAAGGACGACGATGACAAGATGGACAATATGTCTATTACG A-3′, and SMAD4-R-TGA-
BamH , 5′-ATGGATCCTCAGTCTAAAGGTTGTGGGTCTGCA-3′) was obtained from Sigma-Aldrich
(Shanghai, China) and synthesized by Sangon (Shanghai, China). The plasmid was ampli�ed and
puri�ed for subsequent experiments. Similarly, 1.5 × 105 of BxPc-3 seeds were seeded per well in a 6-well
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plate. After cells had adhered to the plate, 0.5 mg/mL plasmid was added and culture was continued for
a further 24 h. Next, 400 μg/mL G418 was used to screen Smad4 overexpressing cells for subsequent
experiments.

Cell migration

The cell migration capacity was measured using scratch assays. Brie�y, PANC-1 and BxPc-3 cells were
cultured in 6-well plates for 48 h. When the cells reached con�uency, a pipette tip was used to make a
scratch in the cell monolayer. The detached cells were washed with phosphate buffered saline (PBS) and
an inverted microscope was used to take photographs on the �rst day of the scratch assay. Subsequently,
complete culture medium and corresponding drugs were added and photographs were taken every 24 h.
The experiment was repeated in triplicate and ImageJ software was used to calculate the wound healing
area.

Cell invasion ability

The Transwell invasion assay was used to measure the cell invasion ability. In brief, 200 μl serum-free
culture medium was used to resuspend 2× 105 PANC-1 or BxPc-3 cells for addition to pre-coated
Transwell chambers (Costar, NY, USA, #3422) together with the corresponding drugs. Next, 600 μl of
complete culture medium containing 10% FBS was added to the lower chambers of a 24-well plate. After
24 h, a sterile cotton swab was used to carefully scrape off cells on the upper surface of the Transwell
chambers. The cells that migrated to the lower surface of the membrane were �xed with 4%
paraformaldehyde (Solarbio, China) and stained with crystal violet (Solarbio). An inverted microscope
was used to capture three �elds and ImageJ software was used to enumerate the in�ltrating cells.

Immuno�uorescence staining

Immuno�uorescence staining was conducted based on a previous protocol [22]. In brief, PANC-1 and
BxPc-3 cells were adhered to glass slides and subjected to drug treatment for the corresponding
durations. Next, 4% paraformaldehyde (Solarbio) was used to �x the cells. After �xing, 0.1% Triton X-100
was used to treat the cells and goat serum (BOSTER, Wuhan, China) was used to block non-speci�c
binding. After blocking, cells were incubated with the corresponding primary antibodies at 4°C overnight.
The antibodies used were as follows: N-cadherin (1:200, Abcam, Shanghai, China), E-cadherin (1:200,
ProteinTech, Wuhan, China), α-SMA (1:200, A�nity Biosciences, Jiangsu, China), and Collagen  (1:200,
Abcam), and Snail1 (1:200, Abcam), and Slug (1:200, Abcam), and TGF-β1 (1:200, A�nity), and p-Smad2
(1:200, A�nity), and p-Smad3 (1:200, A�nity), and p-STAT3 (1:200, Abcam), and Smad4 (1:200,
ProteinTech). Next, DyLight 488 (green �uorescence) or DyLight 594 (red �uorescence) conjugated goat
anti-rabbit IgG antibodies (1:400, ProteinTech) were allowed to bind to primary antibodies. Finally, DAPI
(Solarbio) was used to stain the cell nuclei and a �uorescence microscope was used to obtain
�uorescence images.

Animal experiments
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All animal experiments were approved by the Animal Research Ethics Committee of Wenzhou Medical
University. Nude mice were housed in speci�c pathogen-free facilities with independent ventilation
systems. Six mice were housed in one cage under a 12 h-12 h light-dark cycle at 24°C. Standard food and
drinking water was provided to the mice. During the experiment, 5 × 106 of PANC-1 cells were
resuspended in 100 μl PBS and injected subcutaneously into the backs of twelve 4-week old male nude
mice (BALB/c, Wenzhou). The mice were then randomized into two groups. In the experimental group (n =
6), Stattic (10 mg/kg) was administered every day by intraperitoneal injection for 14 days. In the control
group (n = 6), the same volume of physiological saline was injected into the mice. The tumor diameter
was measured daily and the tumor volume was calculated based on the following formula: V = length2 ×
width. The weights of the mice were monitored. At the end of the experiment, the mice were euthanized
using carbon dioxide asphyxiation. Mice were necropsied and their weights were recorded. The mice were
photographed and the tumors were harvested. Tumor tissues used for sectioning were stored in 4%
paraformaldehyde and tissues used for protein and RNA extraction were stored in liquid nitrogen.

Histological analysis

Paraformaldehyde-�xed tumor tissues were �ushed with water, followed by dehydration, para�n
embedding, and sectioning. Immunohistochemistry (IHC, Solarbio) staining and hematoxylin and eosin
(HE, Solarbio) staining were conducted after sections were processed. IHC staining was performed on 4
μM-thick para�n tissue sections. After clearing in xylene, the sections were soaked in different
concentrations of ethanol. Next, the sections were heated in 0.1% sodium citrate buffer for antigen
retrieval, before adding endogenous peroxide blocker (BOSTER) [23]. The following antibodies were used
for IHC staining: N-cadherin (1:200, Abcam, Shanghai, China), α-SMA (1:200, A�nity), and collagen III
(1:200, Abcam). The DAB color development kit (Zhongshan Golden Bridge Biotechnology, Beijing, China)
was used for color development. HE staining was performed according to the instruction manual of the
reagent. A DM4000B LED Microscope System (Leica Microsystems) and a DFC 420C 5M Digital
Microscope Camera (Leica Microsystems) were used to observe and photograph the IHC- and HE-stained
sections.

Quantitative real-time PCR (qRT-PCR)

A SCIENTZ-48 high-throughput tissue homogenizer (Xinzhi Bio-technology and science Inc, Ningbo,
China) was used to homogenize tumor tissues at low temperature, and RNAiso Plus
(TaKaRa, Dalian, China) was used to extract total RNA. PANC-1 and BxPc-3 cells were cultured in 6-well
plates and RNAiso Plus was used to extract total RNA. The purity and concentration of the total extracted
RNA was measured before using the PrimeScript RT reagent kit (Perfect Real Time) (TaKaRa) for reverse
transcription of total RNA to cDNA. Next, DNase and RNase free DEPC water (Biosharp, Hefei, China) were
added to prepare identical cDNA concentrations. SYBR Green (Toyobo, Osaka, Japan) and corresponding
primers were used for qRT-PCR of cDNA in an ABI 7500Fast Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA). Simultaneously, the melt curve of the primers was monitored to validate primer
speci�city. Β-actin was used as theinternal reference gene and the ΔΔCT method was used to obtain the
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relative mRNA expression level [24]. The experiment was repeated in triplicate and the primers were
synthesized by Sangon (Sangon). The forward and reverse primer sequences: β-actin, 5′-
TGACGTGGACATCCGCAAAG-3′ and 5′-CTGGAAGGTGGACAGCGAGG-3′, Col1α1, 5′-
TGGCAAAGAAGGCGGCAAAGG-3′ and 5′-AGGAGCACCAGCAGGACCATC-3′, Cdh2, 5′-
AGGAGTCAGTGAAGGAGTCAGCAG-3′ and 5′-TTCTGGCAAGTTGATTGGAGGGATG-3′, STAT3, 5′-
GAGGCAGGAGAATCGCTTGAACC-3′ and 5′-TCTCAGACTGTCGCCCAGGAT G-3′. 

Immunoblot analyses

A tissue homogenizer was used to homogenize pancreatic cancer tissues. Simultaneously, EDTA-free
protease, phosphatase inhibitor tablets, and T-PER tissue protein extraction reagent (all Thermo Fisher
Scienti�c) were added to extract total protein. The same reagents were used for lysis and total protein
extraction from PANC-1 and BxPc-3 cells. A BCA protein concentration assay kit (Beyotime, Shanghai,
China) was used to measure the concentration of total protein. Next, 20 μg of processed total protein was
loaded onto a 10% SDS-PAGE gel for electrophoresis. Polyvinylidene �uoride (PVDF) membranes
(Sigma Aldrich) were used as the transfer membranes. The membranes were blocked with 5% skimmed
milk before incubation with primary antibodies: N-cadherin (1:1000, Abcam), E-cadherin (1:1000,
ProteinTech), α-SMA (1:1000, A�nity), and Vimentin (1:1000, A�nity), and MMP2 (1:1000, ProteinTech),
and MMP7 (1:1000, ProteinTech), and MMP9 (1:1000, ProteinTech), and HIF-1α (1:1000, Abcam), and
VEGF (1:1000, Abcam), JAK2 (1:1000, Abcam), and p-JAK2 (1:1000, Abcam), and STAT3 (1:1000,
Abcam), and p-STAT3 (1:1000, Abcam), and Collagen  (1:1000, Abcam), and Collagen   (1:1000,
Abcam), and Snail1 (1:1000, Abcam), and Slug (1:1000, Abcam), and TGF-β1 (1:1000, A�nity), and
Smad2/3 (1:1000, A�nity), and p-Smad2 (1:1000, A�nity), and p-Smad3 (1:1000, A�nity), and Smad4
(1:1000, ProteinTech), and GAPDH (1:2000, Abcam) at 4°C overnight. GAPDH was used as the internal
reference. On the following day, horseradish peroxidase (HRP)-conjugated secondary antibodies were
allowed to bind to primary antibodies. The SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scienti�c) device was used to visualize the results [25]. Finally, ImageJ software was used to
calculate the grayscale values of western blots.

Statistical analysis

The experimental results are expressed as the mean and standard deviation. GraphPad Prism software
8.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to perform the statistical analysis of data.
Two-sided Student’s t-test was used for statistical analysis when there were two experimental groups, and
one-way analysis of variance (ANOVA) was used for statistical comparison when there were more than
two experimental groups. A difference of P < 0.05 was considered statistically signi�cant.

Results
Stattic inhibits the invasion and migration of PCCs
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From scratch assays, we observed that 4 μM Stattic inhibited PANC-1 migration following 24-h culture
(inhibition rate of 50.5%), while a higher concentration (10 μM) of Stattic showed greater inhibitory
effects (96.2%, Fig. 1B). Even though PANC-1 migration was evident after 48 h of culture, Stattic still
exhibited some inhibitory effects (40.9% for 24 h, 92.1% for 48 h, Fig. 1B and C). Stattic also exhibited
inhibitory effects in another tumor cell line, BxPc-3. Even though these effects were weaker than those
observed in PANC-1 cells, more than 50% inhibition was achieved at a concentration of 10 μM (Fig. 1D
and E). We also studied the effects of Stattic on pancreatic cancer cell invasion. As shown in Fig. 1F-H,
Stattic signi�cantly decreased the number of invading PANC-1 (72.5% for 4 μM, 87.8% for 10 μM,) and
BxPc-3 (59.4% for 4 μM, 70.9% for 10 μM) cells. These �ndings demonstrate that Stattic inhibits the
invasion and migration of pancreatic cancer cells in a concentration-dependent manner.

Stattic inhibits the expression of EMT-related proteins and MMPs, and promotes extracellular matrix
(ECM) accumulation in PCCs

Many studies have pointed out that EMT is a key driving factor of invasion and migration of tumor cells
[26, 27]. Therefore, we also analyzed effects of Stattic on EMT in different pancreatic cancer cell lines.
Stattic did not signi�cantly inhibit the expression of the cytoskeleton protein vimentin in PANC-1 and
BxPc-3 cells (Fig. 2A and B). However, Stattic signi�cantly upregulated the expression of the epithelial cell
marker E-cadherin, and downregulated the expression of the mesenchymal cell markers N-cadherin and a-
SMA (Fig. 2A-C). This shows that Stattic has some inhibitory effects toward EMT. Stattic treatment also
resulted in a decrease in the secretion of ECM components, such as type I and type III collagen, in the
mesenchymal tumor cells (Fig. 2D-F). We also observed that the expression of metalloproteases, which
that regulate the invasion and migration of tumor cells (including MMP-2 and MMP-9) were inhibited by
Stattic (Fig. 2G and H), further validating the inhibitory effects of Stattic on the invasion and migration of
tumor cells [28, 29].

Stattic inhibits the expression of EMT-TFs and VEGF in PCCs

The phenotypic transformation of tumor cells is regulated by transcription factors such as Snail1 and
Snail2 (Slug) [30]. Therefore, we also investigated the effects of Stattic on Snail1 and Slug expression. As
shown in Fig. 3A and B, Stattic signi�cantly inhibited both Snail1 and Slug expression.
Immuno�uorescence staining also showed that cytoplasmic Snail1 and Slug expression were inhibited in
PANC-1 and BxPc-3 cells (Fig. 3C-F). This �nding suggests that inhibition of EMT in tumor cells may be
due to inhibition of Snail1 and Slug expression. Tumor neovascularization is another important factor
that affects tumor cell metastasis [31, 32]. Therefore, we also assessed the effects of Stattic on
angiogenesis proteins. We found that Stattic not only inhibits VEGF expression but also inhibits the
expression of HIF-1α, a protein related to the hypoxic tumor microenvironment (Fig. 3G and H). These
�ndings show that Stattic inhibits EMT by antagonizing EMT-TFs. Simultaneously, Stattic inhibits the HIF-
1α-VEGF axis to antagonize tumor angiogenesis [33].

Stattic antagonizes TGF-β1 expression and downstream Smad signal activation
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Previous studies have reported that TGF-β1 and the downstream Smad signaling cascade participates in
the transcriptional regulation of EMT-TFs [34, 35]. In this study, we observed signi�cant differences in
TGF-β1 expression levels between different tumor cells (Additional �le 1: Fig. S1), and the TGF-β1
expression levels in PANC-1 and BxPc-3 cells were signi�cantly higher than that in normal pancreatic
ductal epithelial cells (hTERT-HPNE). Stattic downregulated TGF-β1 expression in PANC-1 and BxPc-3
cells (Fig. 4A and B). In tumor cells, TGF-β1 phosphorylates cytoplasmic Smad2 and Smad4 through its
membrane receptor so that these two proteins enter the nucleus and binds to target genes to induce the
expression of downstream EMT-TF Snail1. We observed that Stattic treatment signi�cantly decreased the
phosphorylation levels of Smad2 (T220) and Smad3 (S423/425) in PANC-1 and BxPc-3 cells and
inhibited their nuclear import (Fig. 4C-E). This evidence shows that targeted inhibition of the TGF-
β1/Smad signaling cascade may be one of the important factors by which Stattic antagonizes EMT.

Stattic inhibits the growth of PDAC and antagonizes TGF-β1/Smad signaling in an in vivo nude mouse
tumorigenesis model

In vitro studies have demonstrated that Stattic has inhibitory effects on the invasion and in�ltration of
pancreatic cancer cells. We next constructed a nude mouse model to evaluate the in vivo antineoplastic
effects of Stattic (Fig. 5A). In this model, the weight (Fig. 5B) and volume (Fig. 5C) of pancreatic tumors
signi�cantly decreased after Stattic treatment. HE staining demonstrated that Stattic resulted in �brosis
inhibition in tumor cells (Fig. 5D). Moreover, the qRT-PCR results showed that the �brosis-related gene
Col1α1 (encodes type I collagen) and the EMT-related Cdh2 (encodes N-cadherin) were signi�cantly
downregulated after Stattic treatment (Fig. 5E) [35, 36]. Similarly, the results of IHC and western blot
demonstrated that Stattic downregulated the expression of α-SMA, N-cadherin, and type I collagen to
inhibit EMT in the nude mouse tumorigenicity model (Fig. 5F-H). These �ndings show that Stattic
inhibited the activation of the TGF-β1/Smad signaling cascade in pancreatic cancer cells. The nude
mouse tumorigenicity model demonstrated that TGF-β1 expression was inhibited by Stattic (Fig. 5I and
J), which downregulated Smad2/3 phosphorylation (Fig. 5I and J). Therefore, these �ndings show that
Stattic antagonizes TGF-β1/Smad signaling to inhibit tumor growth and EMT in the nude mouse
tumorigenicity model.

Stattic-mediated inhibition of PCC invasion and migration is reversed by TGF-β1 treatment

The above in vivo and in vitro experiments revealed that EMT antagonism by Stattic is achieved by
antagonizing the activation of the TGF-β1/Smad signaling cascade. We next sought to investigate
whether the activation of TGF-β1/Smad signaling reverses the anti-pancreatic cancer metastasis effects
of Stattic. First, at the morphology level, TGF-β1 treatment for 24 h was found to reverse the decrease in
�brosis-like tumor cells caused by Stattic (Fig. 6A). Secondly, scratch assays showed that TGF-β1
antagonized Stattic-induced inhibition of migration of PANC-1 and BxPc-3 cells (Fig. 6B), while TGF-β1
blocked the Stattic-induced reduction of tumor cell invasion (Fig. 6C). Mechanistically, TGF-β1 activates
Smad2/3 signaling (Fig. 6D and E) to inhibit Stattic-mediated downregulation of EMT-TFs (Snail1 and
Slug) (Fig. 6F), thereby causing TGF-β1 to promote EMT in PANC-1 and BxPc-3 cells (Fig. 6G and H).
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Therefore, TGF-β1 reverses Stattic-induced inhibition of pancreatic cancer cell metastasis through
downstream Smad2/3 signaling.

Stattic-induced STAT3 inactivation in PCCs is exacerbated by Smad4-dependent TGF-β1 signaling

The above evidence shows that Stattic has the potential to be used as a small molecule inhibitor of
STAT3 [37]. Therefore, we also assessed the effects of Stattic on STAT3 activity in PANC-1 and BxPc-3
cells. In PANC-1 cells, we found that Stattic simultaneously inhibited the phosphorylation of JAK2
(Tyr1007/1008) and STAT3 (Y705) (Fig. 7A and B) and antagonized the nuclear import of STAT3 (Fig.
7C). Interestingly, Stattic did not signi�cantly downregulate JAK2 and STAT3 phosphorylation in BxPc-3
cells (Fig. 7A-C), which may be related to a signi�cantly higher STAT3 activity in BxPc-3 cells than in
PANC-1 cells (Fig. 7D). Furthermore, we observed an interesting phenomenon in that Stattic
downregulation of STAT3 activity in PANC-1 and BxPc-3 cells was further exacerbated by TGF-β1
treatment (Fig. 7E and F). Previous papers have reported that Smad4 could antagonize STAT3
phosphorylation, thereby antagonizing TGF-β1-induced invasion and in�ltration of pancreatic cancer cells
[21]. Therefore, we deduced that TGF-β1-induced STAT3 inactivation may be related to Smad4 activation.
First, we assessed whether Stattic could inhibit Smad4 activity in pancreatic cancer cells. The expression
of Smad4 varies across pancreatic cancer cell lines, Smad4 expression was increased in PANC-1 cells but
was not expressed in BxPc-3 cells (Additional �le 2: Fig. S2) [38]. After Stattic treatment, Smad4
expression was signi�cantly downregulated in PANC-1 cells (Additional �le 3: Fig. S3A) and nuclear
translocation was inhibited in parallel (Additional �le 3: Fig. S3B). Secondly, we found that Stattic-
mediated Smad4 activity inhibition was abolished in PANC-1 cells after TGF-β1 treatment (Additional �le
3: Fig. S3C and D). Thirdly, Smad4 overexpression in BxPc-3 cells inhibited STAT3 phosphorylation and
nuclear localization (Additional �le 4: Fig. S4A and B). These �ndings show that Stattic induced STAT3
inactivation in pancreatic cancer cells, and that STAT3 inactivation is induced by TGF-β1 through
activating Smad4-dependent mechanisms.

Activating STAT3 abolishes Stattic-mediated inhibition of PCC invasion and migration independent of
TGF-β/Smad signaling

Assuming that STAT3 inactivation participates in Stattic-induced inhibition of pancreatic cancer cell
metastasis, we next sought to determine whether activating STAT3 reverses the antineoplastic effects of
Stattic. First, we treated cells using IL-6, a STAT3 agonist [39]. As expected, IL-6 not only induced JAK2
phosphorylation in PANC-1 and BxPc-3 cells after Stattic treatment, but also promoted STAT3
phosphorylation (Fig. 8A). This suggests that the JAK2/STAT3 signaling that was downregulated by
Stattic was reactivated in pancreatic cancer cells. IL-6-induced STAT3 activation causes an increase in
tumor cell migration and in�ltration (Fig. 8B-E). This increase in migration capacity is related to IL-6
reversal of Stattic-mediated EMT inhibition (Fig. 8F). Interestingly, IL-6 did not increase the TGF-β1 level
(Fig. 8G), nor did it induce downstream Smad2/3 phosphorylation and nuclear import (Fig. 8G and H),
suggesting that inactivation of TGF-β1/Smad signaling caused by Stattic could not be reversed by IL-6.
Therefore, IL-6 antagonizes Stattic-induced JAK2/STAT3 signaling inactivation to abolish the inhibitory
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effects of Stattic on EMT and tumor cell migration independent of Stattic-induced TGF-β1/Smad
signaling.

We next conducted overexpression studies in PANC-1 cells with weak STAT3 activity. We found that
overexpressing STAT3 without changing its phosphorylation or nuclear transcription (Fig. 9A and
Additional �le 5: Fig. S5) still antagonized Stattic-induced inhibition of PANC-1 migration and in�ltration
(Fig. 9B and C). These mechanisms are similar to those of IL-6, i.e., Stattic-induced EMT inhibition is
abolished by STAT3 overexpression (Fig. 9D-F). Moreover, STAT3 overexpression did not increase TGF-
β1/Smad signaling activity (Fig. 9G and H). Previous studies have shown that STAT3 can selectively bind
to Smad3 to decrease binding between Smad3 and Smad4, thereby inhibiting nuclear import of its
complex and ultimately antagonizing TGF-β1 signal transduction [40]. Our study also shows that IL-6
stimulation or STAT3 overexpression in PANC-1 cells did not abolish Stattic-mediated inhibition of Smad4
nuclear import (Additional �le 6: Fig. S6A-D). In summary, these �ndings show that although the STAT3
small molecule inhibitor Stattic could simultaneously antagonize STAT3 and TGF-β/Smad signaling
activity to inhibit EMT, in�ltration, and invasion in pancreatic cancer cells, the EMT promoted by STAT3
small molecule agonist or STAT3 overexpression occurs through a non-TGF-β/Smad-dependent
mechanism. These results demonstrate that there are crosstalk mechanisms between STAT3 and TGF-
β/Smad signaling during pancreatic cancer metastasis.

Discussion
In this paper, Stattic was shown to inhibit the invasion and in�ltration of pancreatic cancer cells in a dose-
and time-dependent manner. Further study found that Stattic downregulated the expression of
metalloproteases, such as MMP-2, and inhibited the activity of EMT-TFs, such as Snail1 and Slug, to
antagonize EMT and decrease ECM components [41]. Stattic also decreased HIF-1α and VEGF
expression, showing that it may have some inhibitory effects on tumor angiogenesis [42]. In addition,
Stattic could inhibit pancreatic cancer growth and EMT in an in vivo nude mouse tumorigenicity model.
These �ndings showed that Stattic has potential to be used as a drug for treating pancreatic cancer.

Stattic is an effective STAT3 inhibitor that inhibits STAT3 phosphorylation (phosphorylation sites are
Y705 and S727). Stattic inhibits binding between high a�nity phosphopeptides and the SH2 domain of
STAT3 [37]. Stattic has potential antineoplastic effects and inhibits glutathione reductase through a ROS-
dependent pathway to inhibit tumorigenicity in human cervical cancer cells [43, 44]. Stattic has also been
shown to inhibit STAT3 to antagonize bone metastasis in prostate cancer [45]. Moreover, Stattic has
previously been shown to possess anti-pancreatic cancer activity, which is consistent with the results of
our study [46]. Mechanistically, our study also showed that Stattic not only downregulates STAT3
phosphorylation and nuclear import in PANC-1 cells to inhibit its activity, but can also inhibit the
phosphorylation and nuclear import of upstream JAK2. Interestingly, Stattic does not inhibit JAK2/STAT3
signaling activity in BxPc-3 cells. We observed that STAT3 activity in BxPc-3 cells is signi�cantly higher
than PANC-1 cells; therefore, we speculated that insigni�cant inhibition of STAT3 activity may be due to
an insu�cient dose of Stattic. However, high concentrations of Stattic induced signi�cant rates of cell
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death, which is detrimental to treatment. Therefore, the antineoplastic effects of a suitable concentration
of Stattic in tumor cells with high STAT3 activity may not only depend on STAT3 mechanisms.

TGF-β/Smad signaling is the most important factor involves in EMT [47, 48]. In pancreatic cancer,
aberrant TGF-β/Smad signaling activation induces the expression of EMT-TFs to drive EMT, thereby
promoting tumor cell invasion and in�ltration [49]. Our in vitro experimental results showed that Stattic
signi�cantly inhibited TGF-β/Smad signaling in two pancreatic cancer cell lines. Similarly, the in vivo
nude mouse tumorigenicity model also showed that TGF-β/Smad signaling signi�cantly decreased after
Stattic treatment. Decreased TGF-β/Smad signaling activity not only presents as reduced Smad2 and
Smad3 phosphorylation and blockade of nuclear import, but also inhibits Smad4 expression and nuclear
import in Smad4-positive PANC-1 cells. TGF-β stimulation could reverse Stattic-induced inhibition of
pancreatic cancer cell metastasis through downstream Smad2/3 signaling. Additionally, TGF-β could
restore Smad4 activity that was downregulated by Stattic in PANC-1 cells. These �ndings show that the
antineoplastic effects of Stattic are independent of TGF-β/Smad signaling inactivation.

As mentioned above, Stattic inhibits JAK2/STAT3 signaling and TGF-β/Smad signaling. We next sought
to investigate whether there was a relationship between the two signaling pathways [50, 51]. We observed
that Stattic downregulation of STAT3 activity could be enhanced by TGF-β. Interestingly, TGF-β-induced
Smad4 hyperactivity was signi�cantly related to STAT3 downregulation. Smad4 expression in Smad4-
negative BxPc-3 cells was found to signi�cantly inhibit STAT3 activity, demonstrating antagonism
between Smad4 and STAT3. Previous studies have shown that STAT3 could block binding between
Smad4 and Smad3 to inhibit its nuclear translocation [52]. In contrast, Smad4 has been shown to inhibit
STAT3 phosphorylation to block its signal transduction [21]. Our results demonstrated that treatment with
the JAK2/STAT3 agonist, IL-6, or STAT3 overexpression could abolish Stattic-induced EMT inhibition,
although this occurs through a non-TGF-β/Smad-dependent mechanism. Further results showed that the
Stattic-induced reduction in Smad4 expression and nuclear import in PANC-1 cells was not reversed by IL-
6 treatment or STAT3 overexpression; this demonstrated that STAT3 activation may be detrimental to
Smad4 nuclear import and is unable to promote intracellular TGF-β/Smad signal transduction.

Our study also has some limitations. First, the mechanism by which Stattic directly inhibits TGF-β/Smad
signaling requires further validation. Secondly, an in vivo gene knockout model may be required to
determine the crosstalk between STAT3 and TGF-β/Smad signaling. More importantly, as Stattic is a
potential antineoplastic drug in clinical practice, more in-depth studies are necessary to assess the
optimal dose, safety, and e�cacy of Stattic.

Conclusion
In summary, our in vivo and in vitro studies demonstrated the l anti-invasion and in�ltration effects of the
STAT3 small molecule inhibitor Stattic on pancreatic cancer cells. Stattic inhibits STAT3 signaling and
activation of TGF-β/Smad signaling to block EMT of pancreatic cancer cells. Mechanistically, STAT3 and
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Smad4 are antagonistic to each other, thereby regulating JAK2/STAT3 signaling or TGF-β/Smad
signaling activity and eventually affecting pancreatic cancer invasion and in�ltration through EMT.
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Figure 1

Stattic inhibits PCC invasion and in�ltration. A 2D structure and 3D conformation of Stattic. B 0, 24, and
48 h scratch wound healing assays after Stattic (0, 4, and 10 μM) treatment of PANC-1 cells. C The
statistical results of scratch wound healing assays show that Stattic can signi�cantly inhibit PANC-1 cell
migration. D 0, 24, and 48 h wound healing assays after Stattic (0, 4, and 10 μM) treatment of BxPc-3
cells. E The statistical results of scratch wound healing assays show that Stattic can signi�cantly inhibit
BxPc-3 cell migration. F Transwell chamber assays of PANC-1 and BxPc-3 cells treated with Stattic (0, 4,
and 10 μM). G The statistical results of Transwell chamber assays show that Stattic can signi�cantly
inhibit the invasion of PANC-1 cells. H The statistical results of Transwell chamber assays show that
Stattic can signi�cantly inhibit the invasiveness of BxPc-3 cells. The experiment was repeated in
independent triplicates. Results are expressed as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.



Page 20/29

Figure 2

Stattic antagonizes EMT in pancreatic cancer cells. A E-cadherin, N-cadherin, α-SMA, and vimentin
western blot results of PANC-1 and BxPc-3 cells after Stattic (0, 4, and 10 μM) treatment. B E-cadherin, N-
cadherin, α-SMA, and vimentin western blot statistical results of PANC-1 and BxPc-3 cells after Stattic (0,
4, and 10 μM) treatment. C IF staining of N-cadherin (green) and α-SMA (green) in PANC-1 and BxPc-3
cells with or without Stattic treatment. The nucleus was counterstained with DAPI (blue), bar = 25 µm. D
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collagen I and collagen III western blot results of PANC-1 and BxPc-3 cells after Stattic (0, 4, and 10 μM)
treatment. E The statistical results of western blot show that Stattic treatment downregulated the protein
expression levels of collagen I and collagen III. F IF staining of collagen III (red) in PANC-1 and BxPc-3
cells with or without Stattic treatment. The nucleus was counterstained with DAPI (blue), bar = 25 µm. G
MMP2, MMP7, and MMP9 western blot results of PANC-1 and BxPc-3 cells after Stattic (0, 4, and 10 μM)
treatment. H MMP2, MMP7, and MMP9 western blot statistical results of PANC-1 and BxPc-3 cells after
Stattic (0, 4, and 10 μM) treatment. The experiment was repeated in independent triplicates. Results are
expressed as the mean ± SD. **P < 0.01 and ***P < 0.001.
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Figure 3

Stattic inhibits EMT-TF and VEGF expression in pancreatic cancer cells. A Snail1 and Slug western blot
results of PANC-1 and BxPc-3 cells after Stattic (0, 4, and 10 μM) treatment. B The statistical results of
western blot show that Stattic treatment downregulated the protein expression levels of Snail1 and Slug.
C-F IF staining of Snail1 (green) and Slug (green) in PANC-1 and BxPc-3 cells with or without Stattic
treatment. The nucleus was counterstained with DAPI (blue), bar = 25 µm. G HIF-1α and VEGF western
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blot results of PANC-1 and BxPc-3 cells after Stattic (0, 4, and 10 μM) treatment. H The statistical results
of western blot show that Stattic treatment downregulated the protein expression levels of HIF-1α and
VEGF. The experiment was repeated in independent triplicates. Results are expressed as the mean ± SD.
*P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 4

Stattic inhibits TGF/Smad signaling activation in pancreatic cancer cells. A The western blot results and
statistical analysis of PANC-1 and BxPc-3 shows that Stattic (4 and 10 μM) treatment downregulate the
protein expression of TGF-β1. B IF staining of TGF-β1 (red) in PANC-1 and BxPc-3 cells with or without
Stattic treatment. The nucleus was counterstained with DAPI (blue), bar = 25 µm. C The western blot and
statistical analysis of Smad2/3, p-Smad2, and p-Smad3 in PANC-1 and BxPc-3 cells with or without
Stattic treatment. D, E IF staining of p-Smad2 (green) and p-Smad3 (red) in PANC-1 and BxPc-3 cells with
or without Stattic treatment, the nucleus was counterstained with DAPI (blue), bar = 25 µm. The
experiment was repeated in independent triplicates. Results are expressed as the mean ± SD. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Figure 5

Stattic inhibits PDA growth and EMT. A Animal xenograft model construction and grouping and nude
mouse tumor images from the Stattic treatment group and control group. B The nude mouse tumor
weight in the Stattic treatment group was lower than that in the control group. C The nude mouse tumor
volume in the Stattic treatment group was lower than that in the control group. D HE staining of nude
mouse tumors in the Stattic and control groups. E mRNA expression of Col1α1 and Cdh2 in nude mouse
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tumors with or without Stattic treatment. F IHC staining of N-cadherin, α-SMA, and collagen nude mouse
tumors with or without Stattic treatment. G α-SMA, collagen I, and N-cadherin western blot results in nude
mouse tumors after Stattic treatment. H Western blot statistical results of α-SMA, collagen I, and N-
cadherin with or without Stattic treatment. I TGF-β1, p-Smad2, p-Smad3, and Smad2/3 western blot of
nude mouse tumors after Stattic treatment. J Western blot statistical results of TGF-β1, p-Smad2, and p-
Smad3 with or without Stattic treatment. The experiment was repeated in independent triplicates. Results
are expressed as the mean ± SD. **P < 0.01 and ***P < 0.001.

Figure 6

TGF-β1 antagonizes the inhibitory effects of Stattic on pancreatic cancer cells. A Cell morphology images
show that �brosis increased in PANC-1 and BxPc-3 cells after TGF-β1 treatment. B Images and statistical
analysis of scratch wound healing assays show that TGF-β1 antagonizes the inhibitory effects of Stattic
on migration in PANC-1 and BxPc-3 cells. C Images and statistical analysis of Transwell chamber assays
show that TGF-β1 antagonizes the inhibitory effects of Stattic on invasiveness in PANC-1 and BxPc-3
cells. D Western blot results of Smad2/3, p-Smad2, and p-Smad3 protein expression in Stattic-treated
PANC-1 and BxPc-3 cells with or without TGF-β1. E IF staining of p-Smad3 (red) in Stattic-treated PANC-1
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and BxPc-3 cells with or without TGF-β1, the nucleus was counterstained with DAPI (blue), bar = 25 µm. F
Western blot results of Snail1 and Slug protein expression in Stattic-treated PANC-1and BxPc-3 cells with
or without TGF-β1. G Western blot results of EMT-related protein expression in Stattic-treated PANC-1 and
BxPc-3 cells with or without TGF-β1. H IF staining of E-cadherin (red), N-cadherin (red) and collagen III
(green) in Stattic-treated PANC-1 and BxPc-3 cells with or without TGF-β1, the nucleus was counterstained
with DAPI (blue), bar = 25 µm. The experiment was repeated in independent triplicates. Results are
expressed as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 7

Stattic inhibits JAK2/STAT3 signaling activation in pancreatic cancer cells. A p-JAK2, JAK2, p-STAT3, and
STAT3 western blot results of PANC-1 and BxPc-3 cells after Stattic (0, 4, and 10 μM) treatment. B p-JAK2,
JAK2, p-STAT3, and STAT3 western blot statistical results of PANC-1 and BxPc-3 cells after Stattic (0, 4,
and 10 μM) treatment. C IF staining of p-STAT3 (red) in PANC-1 and BxPc-3 cells with or without Stattic
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treatment, the nucleus was counterstained with DAPI (blue), bar = 25 µm. D Western blot results and
statistical chart of p-STAT3 and STAT3 protein expression levels in normal human pancreatic ductal
epithelial cells and different pancreatic cancer cell lines. E Western blot results of p-STAT3 and STAT3
protein expression in Stattic-treated PANC-1 and BxPc-3 cells with or without TGF-β1. F IF staining of p-
STAT3 (red) in Stattic-treated PANC-1 and BxPc-3 cells with or without TGF-β1, the nucleus was
counterstained with DAPI (blue), bar = 25 µm. The experiment was repeated in independent triplicates.
Results are expressed as the mean ± SD. ***P < 0.001.

Figure 8

IL-6 activates STAT3 to antagonize the inhibitory effects of Stattic on pancreatic cancer cells. A Western
blot results of p-JAK2, JAK2, p-STAT3, and STAT3 protein expression in Stattic-treated PANC-1 and BxPc-
3 cells with or without IL-6. B, C Images and statistical analysis of scratch wound healing assays show
that IL-6 antagonizes the inhibitory effects of Stattic on migration in PANC-1 and BxPc-3 cells. D, E
Images and statistical analysis of Transwell chamber assays show that IL-6 antagonizes the inhibitory
effects of Stattic on invasiveness in PANC-1 and BxPc-3 cells. F Western blot results of EMT-related
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protein expression in Stattic-treated PANC-1 and BxPc-3 cells with or without TGF-β1. G Western blot
results of TGF-β1/Smad pathway protein expression in Stattic-treated PANC-1 and BxPc-3 cells with or
without TGF-β1. H IF staining of p-Smad3 (red) in Stattic-treated PANC-1 and BxPc-3 cell with or without
IL-6, the nucleus was counterstained with DAPI (blue), bar = 25 µm. The experiment was repeated in
independent triplicates. Results are expressed as the mean ± SD. *P < 0.05 and **P < 0.01.

Figure 9
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STAT3 overexpression antagonizes the inhibitory effects of Stattic on pancreatic cancer cells. A Western
blot results of p-STAT3 and STAT3 protein expression in Stattic-treated PANC-1 cells with or without
STAT3 overexpression. B Images and statistical analysis of the scratch wound healing assays show that
overexpression of STAT3 antagonizes the inhibitory effects of Stattic on migration of PANC-1 and BxPc-3
cells. C Images and statistical analysis of Transwell chamber assays show that overexpression of STAT3
antagonizes the inhibitory effects of Stattic on invasiveness in PANC-1 and BxPc-3 cells. D Western blot
results of EMT-related protein expression in Stattic-treated PANC-1 cells with or without the STAT3
overexpression. E, F IF staining of E-cadherin (red), α-SMA (red), and collagen III (red) in Stattic-treated
PANC-1 cell with or without STAT3 overexpression, the nucleus was counterstained with DAPI (blue), bar =
25 µm. G Western blot results of TGF-β1/Smad pathway protein expression in Stattic-treated PANC-1 cells
with or without the STAT3 overexpression. H IF staining of p-Smad3 (red) in Stattic-treated PANC-1 cell
with or without STAT3 overexpression, the nucleus was counterstained with DAPI (blue), bar = 25 µm. The
experiment was repeated in independent triplicate. Results are expressed as the mean ± SD. ***P < 0.01.
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