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Abstract

Aberrant signal transducer and activator of transcription 3 (STAT3) signaling pro-
motes the initiation and progression of cancer in humans by either inhibiting apoptosis
or inducing cell proliferation, angiogenesis, invasion, and metastasis. The role of res-
veratrol (RES) in inhibiting the STAT3 signaling pathway in vivo, particularly in cer-
vical cancer is still unknown. This study aims to investigate the role of STAT3 and its
phosphorylation in RES-mediated suppression of cervical cancer. The effects of RES
on cervical cancer were determined by examining tumor tissues, their histological
changes, and the volume and weight of tumor tissues grown from HeLa cells injected
in female athymic BALB/C nude mice. The structure and target interaction of RES
were virtually screened using the molecular docking program Autodock Vina. The
status of phosphorylated STAT3, protein levels of epithelial-mesenchymal transition
molecular markers and extracellular matrix degradation enzymes were determined
through Western blot. We demonstrated that RES could suppress the proliferation
and metastatic potential of cervical cancer cells by inactivating phosphorylation of
STATS3 at Tyr705 but not Ser727. This effect was intensified by inhibition of the
STATS3 signal pathway.
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1 | INTRODUCTION

Cervical cancer is one of the most common malignant tumors
affecting women worldwide. The survival outcome of patients
with cervical cancer receiving adjuvant chemotherapy and/
or adjuvant radiotherapy (chemoradiotherapy) after radical
hysterectomy are similar, and the risk of distant recurrence
is reduced.’ Neoadjuvant chemotherapy followed by radical
surgery also has a favorable prognosis for locally advanced
cervical cancer.>® The main chemotherapy regimens for this
disease include platinum-based drugs and taxanes. However,
new drugs need to be developed due to drug resistance and
adverse reactions observed with the current treatment.*”

Resveratrol (RES) is a natural stilbene and nonflavonoid poly-
phenol that possesses antioxidant, anti-inflammatory, cardiopro-
tective, and anticancer properties. It also has beneficial effects on
breast, cervical, blood, kidney, liver, bladder, thyroid, prostate,
brain, lung, gastric, colon, head and neck, and bone cancers."®
In addition, RES can reverse multidrug resistance in cancer cells
and sensitize them to standard chemotherapeutic agezllts.6_8 RES
induces autophagy and apoptosis of cervical cancer cells™!”
suppresses the migration and invasion of human cervical cancer
cells.'! RES also significantly inhibits the occurrence and de-
velopment of cervical cancer by regulating phospholipid scram-
blase 1'" and exhibits antitumor activity on human papilloma
virus (HPV) E6-positive cervical cancer.'*!> Therefore, RES is a
potential chemotherapeutic drug for cervical cancer.

Signal transducers and activators of transcription (STATS)
constitute a family of cytoplasmic transcription factors that me-
diate intracellular signaling from cell surface receptors to the nu-
cleus, transactivate genes encoding apoptosis inhibitors and cell
cycle regulators, and induce angiogenesis. STAT3 is activated in
a wide variety of human tumors, including breast, lung, gastric,
hepatocellular, colorectal, and prostate cancers. Aberrant STAT3
signaling promotes the initiation and progression of human can-
cers by either inhibiting apoptosis or inducing cell proliferation,
angiogenesis, invasion, and metastasis. STAT3 activity suppres-
sion induces the apoptosis of tumor cells."*!*!” RES inhibits the
interleukin-6 (IL-6)-induced transcriptional activity of STAT3 in
human prostate cancer LNCaP-FGC cells'® and STAT3 axis in
primary glioblastoma tumor-initiating cells."” STAT3 signaling

and

inhibition plays a critical role in the RES-induced suppression
of several cancer types, including ovarian cancer,*?! pancre-
atic cancer,22 head and neck tumor,23 osteosarcoma,24 colorectal
cancer,” and colon cancer.”® In these cancer types, RES inhibits
STAT3 70522720 and STAT3%"*"%% phosphorylation. Zhang
et al.?” showed that STAT3 signaling is critical for cervical can-
cer cells and the major target for RES because selective STAT3
inhibition, rather than Wnt or Notch activation causes SiHa and
HeLa cells to undergo apoptosis. However, how RES exerts anti-
tumor effects on cervical cancer cells by inhibiting STAT3 phos-
phorylation in vivo remains unknown.

In this study, the STAT3 phosphorylation status in cervical
cancer cells and a mouse xenograft tumor model was investi-
gated after RES treatment. Our results suggest that RES in-
hibited the growth and metastatic potential of cervical cancer
by suppressing STAT3 Tyr705 phosphorylation. Therefore, RES
could be used as a chemotherapeutic drug for cervical cancer.

2 | METHODS

2.1 | Cell culture

HPV18-positive HeLa cells” and HPV16-positive SiHa
cells,zg_3 ! that are human cervical carcinoma cell lines, were
purchased from Hunan Fenghui Biological Technology Co.,
Ltd. (Hunan, China). These cells were certified via short tan-
dem repeat (STR) analysis. HeL.a and SiHa cells were cul-
tured in Dulbecco's Modified Eagle Medium (DMEM, Gibco,
11965-092) containing 10% of fetal bovine serum (FBS,
Capricorn, FBS-HI-11A), 100 IU/ml of penicillin G sodium,
and 100 mg/ml of streptomycin sulfate at 37 °C in an incuba-
tor with 5% CO,/95% air humidified atmosphere. Cells in the
exponential growth phase were used in these experiments.

2.2 | Animal model and in vivo antitumor
efficacy of res

Twenty-four female athymic BALB/C nude mice weighing
14-20 g (4-6 weeks) were purchased from Hunan SJA Laboratory
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Animal Co., Ltd. (Changsha, China). The mice were housed at
20°C-22°C with 50%-60% relative humidity and fed with stand-
ard laboratory chow and tap water ad libitum. About 24 mice were
randomly divided into two regimens and given the pretreatment
and treatment. In the pretreatment regimen, 12 mice were ran-
domly divided into control group administered vehicle (normal
saline containing 0.1% ethanol, 3 times/week, intragastric admin-
istration), and pretreatment group administered RES (30 mg/kg,
3 times/week, intragastric administration). The 12 mice were pre-
treated for 2 weeks. After 2 weeks, 24 mice were subcutaneously
injected in the right flank with 200 pl of HeLa cell suspensions
containing 5 x 10° cells in sterile saline. In the pretreatment regi-
men, 12 mice were treated with vehicle and RES for 3 weeks se-
quentially, and were raised to the end of the experimental process.
In the treatment regimen, 12 mice were divided into control group
and treatment group according to tumor volume after 10 days of
HelLa cell injection, the drug dosage, and administration method
were consistent with the pretreatment regimen, and the treatment
lasted for 5 weeks. The key time nodes are explained in Figure
1B. Food, water intake, and behavioral changes were monitored
daily, the body weight and tumor volumes were recorded every
3 days throughout the test period. Tumor volumes were calculated
with the tumor length and width, which were measured using a
caliper: tumor volume = (length) X (Width)2 % 0.5. At the end of
the treatment, all the mice were sacrificed by cervical dislocation.
Tumors were isolated, weighed, and aliquoted for Western blot
analysis, hematoxylin-eosin (H&E) staining, and immunohisto-
chemical (IHC) staining assay. This study was approved by the
ethical committee for animal experimentation of Xiangyang No.
1 People's Hospital (NO. 2017DW006).

2.3 | Determination of cell proliferation
using the CCK-8 assay

HelLa cells were seeded in 96-well plates at a density of 10,000
cells/well, incubated at 37°C for 30 min, treated with RES
(Sigma—Aldrich, 1602105-100MG, USA) or the control vehicle,
and cultured at 37°C for 24, 48, and 72 h. Afterward, they were
washed once with 125 pl of phosphate-buffered saline (PBS)/
well and assayed using a cell counting kit-8 (CCK-8) kit (Dojindo
Laboratories, Kumamoto, Japan) in accordance with the manufac-
turer's instructions. The 96-well plates were read at 450 nm on a
plate reader (SpectraMax®iD3, Molecular Devices, USA). Cell vi-
ability was denoted by the percentage of cell loss, which was calcu-
lated using the following formula: (Drugy4s/Control,s,) X 100,
where A450 denotes the absorbance at a wavelength of 450 nm.

2.4 | Colony formation assay

A suspension of individualized HeLa cells was prepared from the
cultured cells through trypsin digestion and pipetting. The cell
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suspension was diluted with DMEM containing 10% of FBS and
the desired concentrations of RES or vehicle control and then ali-
quoted to six-well plates at a density of 100 cells/well. The cells
were cultured for 14 days, washed with cold PBS twice, and fixed
with 3.7% of formaldehyde. Then, the cell colonies were stained
with crystal violet (Sinopharm Chemical Reagent Co., Shanghai,
China), and the number of colonies in each well was counted.

2.5 | Wound healing assay

The effects of RES on the migration of Hel.a and SiHa cells
were examined using wound healing assay. HeLa cells were
seeded in a 6-well plate at a density of 5 X 10° cells/well. A
scratch was made across the cell monolayer on the bottom of the
plates with a 200 pl sterile pipette tip and washed with PBS on
reaching 80% confluence. The cultures were then treated with
RES at the indicated concentrations or untreated (blank control)
and incubated for 0, 24, 48, and 72 h. The images of cultures
were taken with an inverted microscope (Olympus Optical Co.,
Ltd., IX73P2F, Japan). The scratches across the cell culture
were measured on the basis of the images by using Olympus
cellSens (Olympus, Version 1.5, Japan). The experiment was
repeated thrice.

2.6 | Invasion assay

The effects of RES on the invasion of HelLa and SiHa cells
were examined using a Transwell assay. Boyden chambers
containing 24-well Transwell plates (Corning Inc., USA) with
8 mm pore size were used. HeLa cells were seeded at a density
of 1 x 10° cells/ml in the upper chambers coated with Matrigel
and treated with 0, 10, 20, and 40 pM RES, dissolved in a me-
dium. DMEM containing 10% of FBS was added to the bottom
chamber. After the cells were cultured for 24 h, the filters in the
upper chambers were collected. Cells on the upper side of the
filter membrane were wiped with a cotton swab, and the cells
invading the lower side of the filter membrane were fixed in
4% of paraformaldehyde to the slides, and stained with 0.1%
of crystal violet for 10 min (Sinopharm Chemical Reagent Co.,
Shanghai, China). The cells in the slides were examined and
counted in five randomly selected microscopic fields (x400) by
using an inverted microscope (IX73P2F, Olympus Optical Co.,
Ltd., Japan). The number of cells was compared in each treat-
ment group. All the experiments were performed in duplicate
and repeated thrice.

2.7 | Western blot analysis

HeLa and SiHa cells were collected and homogenized in
a radioimmunoprecipitation assay (RIPA) lysis buffer
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FIGURE 1 RES inhibits the growth of cervical cancer in a mouse model. HeLa cells were injected into female athymic BALB/C nude mice,

who underwent pretreatment and treatment regimen (n = 6/group) with RES. The size (A), volume (B), and weight (C) of the tumor tissues grown

from HeLa cells were examined and measured. Tumor tissues were then histologically examined with hematoxylin and eosin staining

D). *, p < 0.05; **** p < 0.0001. (E) The main organs (liver and kidney) of tumor-bearing nude mice after treatment were histologically

examined with hematoxylin and eosin staining, scale bar =25 pm

(Beyotime Biotechnology, POO13B) after they were treated
with the corresponding drugs. Tissue samples were also
homogenized in a RIPA. The homogenized samples were
then centrifuged at 12,000 X g and 4°C for 15 min, and the
supernatants were collected. An aliquot of the supernatant
was used to determine the protein concentration by using
a Bio-Rad DC protein assay kit (Bio-Rad Laboratories,
Hercules, CA). All the samples containing 30 pg of protein/
sample were aliquoted, mixed with 5X loading buffer and
loaded for electrophoresis in 10% of SDS-polyacrylamide
gel. The resolved proteins in the gel were transferred onto
polyvinylidene difluoride membranes after electrophore-
sis. The membranes were blocked with 5% of nonfat milk
TBST buffer (20 mM Tris pH 7.4, 150 mM NaCl, and
0.1% Tween-20) at room temperature for 2 h, probed with
primary antibodies overnight at 4 °C, washed with TBST
buffer thrice, incubated with the corresponding horserad-
ish peroxidase-conjugated secondary antibody (1:10,000
dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at room temperature for 1 h, and developed using an ECL
substrate (Thermo Fisher Scientific, Waltham, MA, USA).
The relative density of the blots was quantified using Lab
Works (UVP, Upland, CA, USA). f-actin or glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as the load-
ing control. The relative expression of target proteins was
normalized with the loading control. The sources and dilu-
tion of primary antibodies were as follows: E-cadherin (4A2)
mouse mAb (#14472), N-cadherin (D4R1H) rabbit mAb
(#13116), and vimentin (D21H3) XP® rabbit mAb (#5741;
Cell Signaling Technology, Inc.); GAPDH antibody (Absin,
abs132004), p-actin antibody (Absin, abs132001), MMP-3
antibody (Absin, abs135854), MMP-13 antibody(Absin,
abs110501), rabbit antihuman phospho-Stat3-Y705 poly-
clonal antibody (Absin, abs118973), phospho-Stat3(Absin,
Ser727) antibody (Absin, abs130919), and STAT3 antibody
(Absin, abs131812; Absin Bioscience Co., Ltd., Shanghai,
China). The primary antibodies were diluted at a 1:1000
ratio. A ChemiDoc™ MP imaging system with Image
Lab™ (version 5.1, Bio-Rad Laboratories, Inc., USA) was
used as the image acquisition tool and image processing
software package.

2.8 | Molecular docking

Structure-based virtual screening was conducted in the mo-
lecular docking program Autodock Vina version 1.1.2.%

The 3D schematic of protein-ligand macromolecules was
generated with PyMol version 2.3 23 The 2D schematic of the
interaction between ligands and other amino acid residues
was drawn with LigPlus version 2.1.3* The structure file
of the STAT3 protein (PDB ID:6QHD) was extracted from
the Research Collaboratory for Structural Bioinformatics
Protein Data Bank (http://www.rcsb.org/).35’36 The protein
is an X-ray crystal homodimer structure bound to the DNA,
at 2.85 A resolution.>” All heteroatom, including double-
stranded DNA and crystallographic water were removed,
and chain A was kept as a STAT3 monomer. The native
pTyr peptide in the 6QHD crystal structure of the mono-
mer ligand was removed to examine whether RES competi-
tively bound to the pTyr705 peptide pocket. The trans-RES
molecular structure (PubChem CID: 445154) was obtained
from the PubChem database.® The Autodock Vina tutorial
was followed to convert the ligand and receptor pdb to a
pdbqt file by using AutoDock Tools.** The grid sizes in
XYZ were set at 96, 66, and 118, and were large enough to
contain all the potential pockets in the STAT3 monomer.
The pocket with the lowest score that predicted the high-
est binding affinity was chosen as the RES binding site in
STAT3.

2.9 | H&E staining and IHC assay

Tumor tissues were harvested, fixed with 4% of formaldehyde,
embedded with paraffin, and cut into 4 um thick sections. For
histological examination of tumor tissues, the paraffin-embed-
ded sections were subjected to H&E staining and examined
under an inverted microscope (Olympus IX73). For the IHC
assay of the expression levels of p-STAT3 795 "B _cadherin,
N-cadherin, and vimentin, the paraffin-embedded sections
were incubated with antihuman STAT3, p-STAT3 Tyr705,
E-cadherin, N-cadherin, and vimentin primary antibodies, and
a biotinylated goat anti-rabbit antibody was used as a second-
ary antibody. Then, the slides were washed with PBS and incu-
bated with diaminobenzidine chromogen for 3-5 min to yield
a dark brown specimen. The sections were counterstained
with hematoxylin for microscopic observation (IX73P2F,
Olympus Optical Co., Ltd., Japan). Cells with moderate and
strong brownish cytoplasmic staining were considered posi-
tive, whereas cells with unstained or weakly stained cytoplasm
were considered negative. The expression levels of STAT3,
p-STAT3 Ty1705 ' E_cadherin, N-cadherin, and vimentin were
determined by calculating the ratio of the number of positively
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stained cells to the total number of cells in five randomly se-
lected microscopic fields at 400x magnification, using Image
J software (National Institutes of Health).

2.10 | Statistical analysis

Data were analyzed using GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA) software. Results were expressed
as mean +standard deviation for at least three independent
experiments. Statistical comparisons between groups were
performed using Student's ¢ test or one-way ANOVA, fol-
lowed by a post hoc Student-Newman-Keuls test. Data with
p < 0.05 were considered statistically significant.

3 | RESULTS
3.1 | Cervical tumor growth inhibition in
mice using RES

The tumor tissues, their histological changes, and the volume and
weight of tumor tissues grown from HeLa cells injected in female
athymic BALB/C nude mice were examined after undergoing
pretreatment and treatment with RES, to determine the effects of
RES on cervical tumor growth in vivo. The results showed that
the size (Figure 1A), volume (Figure 1B), and weight (Figure
1C) of tumor tissues significantly decreased in the RES pretreat-
ment and treatment groups compared to those in their respective
control groups. The RES pretreatment and treatment regimen
damaged the tumor mass, as revealed by H&E staining (Figure
1D). In addition, H&E staining of mice organs after treatment
did not show any significant signs of toxicity or inflammatory
lesions (Figure 1E). The magnitude of the changes in the volume
(Figure 1B), weight (Figure 1C), and histological characteristics
of tumor tissues (Figure 1D,E) was higher in the RES pretreat-
ment group than in the RES treatment group. These results sug-
gested that RES inhibited cervical tumor growth and prevented
the occurrence of cervical cancer in the mouse model.

3.2 | RES inhibits the proliferation of
cervical cancer cells

HeLa cells were treated with RES and their cell prolifera-
tion was determined through CCK-8 and colony formation
assays to examine the effect of RES on the proliferation of
cervical cancer cells. The proliferation of HeLa cells was in-
hibited by RES in a dose-dependent manner (Figure S1A).
RES had ICy, of 291.3, 50.09, and 8.73 uM in HeLa cells for
24, 48, and 72 h, respectively (Figure S1B). The number of
HeLa cell colonies decreased with RES treatment in a dose-
dependent manner (Figure S1C,D). These results confirmed

that RES inhibited the proliferation of cervical cancer cells in
a dose- and time-dependent manner.

3.3 | RES suppresses the migration and
invasion of cervical cancer cells

HeLa and SiHa cells were treated with RES and wound heal-
ing and Transwell assays were used to determine their migra-
tion and invasion capabilities, as well as the effects of RES
on the cancer cells. The wound healing assay revealed that
RES treatment resulted in a decrease in the width of scratches
in HeLa and SiHa cell layers in a dose-dependent manner
(Figure 2A,B.E,F). The Transwell assay demonstrated that
RES decreased the number of HeLLa and SiHa cells on the
lower surface of the filters in the upper chambers of Transwell
(Figure 2C,D,G,H). This data suggested that RES inhibited
the migration and invasion of cervical cancer cells.

HeLa and SiHa cells were treated with RES, and the expres-
sion levels of epithelial-mesenchymal transition (EMT) molec-
ular markers, such as N-cadherin, E-cadherin, and vimentin,
and extracellular matrix (ECM) degradation enzymes, such as
MMP-3 and MMP-13, which indicated the invasion potential
of cervical cancer cells were determined. Effects of RES on
the EMT and ECM degradation enzymes of cervical cancer
cells were also examined. Treatment with RES resulted in a de-
crease in the protein levels of N-cadherin, vimentin, MMP-3,
and MMP-13 and an increase in protein levels of E-cadherin
in HeLa cells (Figure 3A) and SiHa cells (Figure 3B), in a
dose-dependent manner. The data demonstrated that RES in-
hibited EMT and invasion potential of cervical cancer cells.

3.4 | RES attenuates STAT3
phosphorylation and potentially interacts with
stat3 in cervical cancer cells

HeLa and SiHa cells were treated with RES and their STAT3 pro-
tein. Western blot was used to examine the effects of RES on the
protein levels and phosphorylation status of STAT3 in cervical
cancer cells. RES decreased the phosphorylation level of STAT3
at Tyr705 but not at Ser727, whereas the STAT3 protein level
showed no obvious changes in HeLLa and SiHa cells (Figure 4A).

HelLa and SiHa cells were treated with RES, IL-6, and
their combination, then, their STAT3 Tyr705 was detected to
further examine the role of RES in the regulation of STAT3
phosphorylation in cervical cancer cells. As expected,
IL-6 increased the phosphorylation of STAT3 Tyr705 in
HeLa and SiHa cells (Figure 4B). RES pretreatment or
treatment decreased the IL-6-activated phosphorylation of
STAT3 Tyr705 in HeLa and SiHa cells (Figure 4B).

A structure-based molecular docking study was per-
formed to illustrate the potential interaction between RES
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media for 24 h. The protein levels were determined using Western blot. Samples derived from the same experiment and blots were processed in

parallel. *, compared with the control, p < 0.05

and STAT3. The strongest binding sites are shown in Figure
5A with a binding affinity of —7.1 kcal/mol. The pocket was
composed of Ser381, Ala377, Val490, Leu438, Asp371,
Lys488, Ser372, Asp369, His437, Leu436, and Leu378.
Ser381 and His437 formed hydrogen bonds with RES
(Figure 4C,D).

This data demonstrated that RES inhibited the phosphor-
ylation of STAT3 and potentially interacted with STAT3 in
cervical cancer cells.

3.5 | Reduced STAT3 phosphorylation
enhances inhibitory effects of res on cervical
cancer cell invasion

HeLa and SiHa cells were treated with RES and S31201 or
AG490, and the expression levels of N-cadherin, E-cadherin,
vimentin, MMP-3, and MMP-13 were examined to confirm that
the role of STAT3 phosphorylation was inhibited by RES on
the invasion potential of cervical cancer cells. S31201 inhibits
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FIGURE 4 RES interacts with STAT3 and inhibits STAT3 phosphorylation in cervical cancer cells. (A) RES inhibits STAT3
phosphorylation in cervical cancer cells. HeLLa and SiHa cells were seeded in six-well plates at 1 X 10° cells/well, cultured for 24 h, and treated
with RES at the indicated concentrations, in fresh media for 24 h. The protein levels were determined using Western blot. Samples derived from
the same experiment and blots were processed in parallel. *Compared to the 0 group, p < 0.05. (B) HeLa cells and SiHa cells were seeded in six-
well plates at 1 X 10° cells/well, cultured for 24 h and divided into four groups. In the control group, cells were treated with a vehicle. In the IL-6
treatment group, cells were treated with IL-6. In the RES+IL-6 group, cells were treated with RES for 24 h, and IL-6 was added and incubated for
another 24 h. In the IL-6+ RES group, cells were treated with IL-6 for 3 h, and RES was added and incubated for another 24 h. Cells were collected
after treatment, and their protein levels were determined through Western blot. The samples derived from the same experiment and the blots were
processed in parallel. RES 40 mM; IL-6, 50 pg/ml. *, compared with the control, p < 0.05; #, compared with the IL-6 group, p < 0.05; and®,
compared with the IL-64+RES group, p < 0.05. (C) Molecular docking between RES and STAT3. A docking model was generated using Autodock
Vina (version 1.1.2). (D) The docking pocket of STAT3 was composed of Ser381, Ala377, Val490, Leu438, Asp371, Lys488, Ser372, Asp 369,
His437, Leu436, and Leu378. Ser381 and His437 formed hydrogen bonds with RES

STATS3 dimerization, DNA binding, and transcriptional activ- that RES, S31201, or AG490 inhibited the phosphorylation of
ity.40 In addition, S31201 inhibits the phosphorylation of STAT3 STAT3 ™% jn HeLa and SiHa cells. The combined treatment
at Ser727*! and Tyr705.42 AG490 is a JAK-specific inhibitor of RES and S31201 further decreased the phosphorylation of
that can suppress STAT3 signaling by inhibiting the Tyr705 STAT3 ™7% in HeLa cells (Figure 5A) and SiHa cells (Figure
phosphorylation of the STAT3 protein.43 The results showed 5B). Moreover, RES, S31201, or AG490 reduced the protein
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FIGURE 5 STAT3 phosphorylation reduction enhances the inhibition of the EMT molecular marker expression and ECM degradation
enzymes in cervical cancer cells treated with RES. HeLa and SiHa cells were seeded in six-well plates at 1 X 10° cells/well, cultured for 24 h,
and treated with S31201 and AG490 in fresh media for 2 h. RES was then added at the indicated concentrations. After 24 h of culture, cells

were collected, and the protein levels were determined through Western blot. The samples derived from the same experiment and the blots were
processed in parallel. Results were quantitatively analyzed. *, compared with the control, p < 0.05; #, compared with AG490 treatment, p < 0.05;
and A, compared with S31201 treatment, p < 0.05

levels of N-cadherin, vimentin, MMP-3, and MMP-13 and in- IL-6 was used to activate STAT3 signaling pathway in
creased the protein level of E-cadherin in HeLLa and SiHa cells. HeLa and SiHa cells, and the expression of N-cadherin,
Similarly, the combined treatment decreased the protein levels E-cadherin, vimentin, MMP-3, and MMP-13 were exam-
of N-cadherin, vimentin, MMP-3, and MMP-13 but increased ined to confirm the activation of the STAT3 signaling path-
protein levels of E-cadherin in HeLa cells (Figure 5SA) and SiHa way to promote the invasion potential of cervical cancer
cells (Figure 5B). The results suggest that reduced phospho- cells. The upregulation induced by IL-6 was prominently
rylation level of STAT3 enhanced the inhibitory effects of RES inhibited by RES in HeLa cells (Figure 6A) and SiHa cells
on the invasion potential of cervical cancer cells. (Figure 6B).
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FIGURE 6 RES inhibits EMT and ECM caused by STAT3 activation. (A) HeLa cells and (B) SiHa cells were seeded in 6-well plates at

1 x 10° cells/well, cultured for 24 h and divided into four groups. Cells were treated with a vehicle in the control group. Cells were treated with
IL-6 in the IL-6 treatment group; cells were treated with RES for 24 h in the resveratrol+IL-6 group, and IL-6 was added and incubated for another
24 h. Cells were treated with IL-6 for 3 h in the IL-6+ resveratrol group, and resveratrol was added and incubated for another 24 h. Cells were
collected after treatment, and E-cadherin, N-cadherin, vimentin, MMP-13, and MMP-3 protein levels were determined through Western blot. The
samples derived from the same experiment and the blots were processed in parallel. RES 40 mM; IL-6, 50 pg/ml. Results were quantitatively
analyzed. *, compared with the control, p < 0.05; #, compared with the IL-6 group, p < 0.05; and®, compared with the IL-6+RES group, p < 0.05

3.6 | RES inhibits STAT3 phosphorylation,
EMT, and cervical cancer cell invasion in mice

The protein levels of p-STAT3 (Tyr705), N-cadherin,
E-cadherin, vimentin, MMP-13, and MMP-3 in the tumor
tissues grown from HeLa cells were determined through
IHC and Western blot to examine the effects of RES on

STAT3 phosphorylation, EMT, and cervical cancer cell
invasion. IHC results showed that the protein level of
E-cadherin increased, whereas protein levels of p-STAT3
(Tyr705), N-cadherin, and vimentin decreased in the tumor
tissues grown from HeLa cells in the RES pretreatment
and treatment groups, compared to those in the respective
control groups (Figure 7A). Western blot results revealed
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FIGURE 7 Pretreatment or treatment with RES inhibited the expression of EMT molecular markers and ECM degradation enzymes and the
phosphorylation of STAT3 in cervical cancer tissues in the mouse model. (A) STAT3, p-STAT3 (Tyr705), N-cadherin, E-cadherin, and vimentin
in the tumor tissues grown from HeLa cells were determined through immunohistochemistry. Scale bar =20 pm. The results were quantitatively
analyzed. *, p < 0.05. (B) p-STAT3 (Tyr705), vimentin, MMP-13, and MMP-3 protein levels in the tumor tissues grown from HeLa cells were
determined through Western blot. The samples derived from the same experiment and the blots were processed in parallel. The results were
quantitatively analyzed. *, p < 0.05

that the levels of p-STAT3 (Tyr705), vimentin, MMP-13, compared with those in the respective control groups
and MMP-3 decreased in the tumor tissues grown from (Figure 7B). The magnitude of changes was higher in the
HeLa cells in the RES pretreatment and treatment groups, RES pretreatment group than in the RES treatment group.
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suppressed the metastatic potential of cervical cancer cells by inactivating STAT3 pathway and this effect was intensified by inhibiting of the

STATS3 pathway

These results suggest that RES inhibited STAT3 phospho-
rylation, EMT, and cervical cancer cell invasion in the
mouse model.

4 | DISCUSSION

Our study showed that RES inhibited the proliferation, mi-
gration, and invasion of HelLa and SiHa cells. This result
was consistent with previous findings.g"lz’m’15 We first
clarified that RES also inhibited cervical tumor growth of
the HeLa cell xenograft in the mouse model (Figure 1A-D).
Furthermore, RES pretreatment also had inhibitory effects
on the cervical tumor growth of HeLa cell xenograft in the
mouse model. Its magnitude was higher than that in the RES
treatment group. This finding suggests that RES exerted sup-
pressive effects on cervical cancer that were independent of
the treatment regimen. Pretreatment yielded a better outcome
than the Posttreatment. Many reports have demonstrated that
RES could be used as a cancer chemopreventive agent owing
to its ability to induce growth inhibition, cell cycle arrest, and
apoptosis in several human cancer cell lines.***> Our results
provide new experimental evidence for the use of RES as a
cancer preventive agent.

Metastasis is a complicated biological process that in-
volves primary tumor angiogenesis, cancer cell invasion,
vascular intravasation, distant target organ extravasation,
and colonization of a foreign microenvironment by invading
cells. Primary epithelial cancer cells can acquire migration
and invasion abilities***® with EMT. Matrix metalloprotein-
ases (MMPs) degrade ECM around invasive cancer cells and
facilitate vascular intravasation of cancer cells. E-cadherin
and N-cadherin are the main biomarkers of EMT.**" In

the course of EMT, the expression levels of E-cadherin
decreases, whereas the expression level of N-cadherin in-
creases.”' ™ High B-catenin levels promote the expression of
genes that facilitate EMT.>* High vimentin is a biomarker in
the mesenchymal state of cancer cells, mediating cytoskeletal
organization, and focal adhesion maturation.”>>® MMP-3 and
MMP-13 are proteolytic enzymes involved in the degrada-
tion of ECM around invasive cancer cells.”’ In the cur-
rent study, RES decreased the protein levels of N-cadherin,
vimentin, MMP-3, and MMP-13, and increased the protein
level of E-cadherin in HeLa and SiHa cells in a dose-depen-
dent manner (Figure 3A,B). The protein levels of vimentin,
MMP-13, and MMP-3 markedly decreased in the tumor tis-
sues grown from HeLa cells in the RES pretreatment and
treatment mouse models compared to those in their respec-
tive control groups (Figure 6A,B). These results suggest that
RES inhibited the metastatic potential of cervical cancer by
inhibiting EMT and ECM enzyme expression.

Inhibition of STAT3 signaling plays a critical role in
RES-induced suppression of several cancer types. RES in-
hibits STAT3 ™% phosphorylation in ovarian cancer,”*?'
pancreatic cancer,22 head and neck tumor,23 osteosarcoma,24
colorectal cancer,25 colon cancer,22_26 and STAT3%7%’ phos-
phorylation in head and neck tumor and colorectal can-

er. 3% Similarly, STAT3 signaling is a critical target of
RES to induce apoptosis of SiHa and HeLa cells.”’ In this
study, RES inhibited phosphorylation of STAT3 at Tyr705
but not at Ser727 (Figure 4A). The STAT3 phosphorylation
inhibitors AG490* and $31201*? enhance the effects of RES
in SiHa and HeLa cells (Figure 5). The STAT3 phosphory-
lation activator IL-6 antagonizes the effects of RES in SiHa
and HeLa cells. RES pretreatment or treatment decreases
the levels of STAT3 ™% phosphorylation stimulated by
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IL-6 in HeLa and SiHa cells compared to those on IL-6
treatment. However, RES pretreatment resulted in a signif-
icant reduction in IL-6-induced STAT3 ™% phosphoryla-
tion in HeLa and SiHa cells compared with that in the RES
treatment group (Figure 4B). Strikingly, RES can downreg-
ulate the expression of IL-6-induced P-Stat3 and its related
EMT and ECM-related biomarkers, and upregulate the ex-
pression of epithelial marker E-cadherin (Figure 6A,B), to
inhibit the metastatic potential of cervical cancer cells and
play an antitumor role. In the mouse model, RES inhibited
the expression of other EMT and ECM-related biomarkers
and STST3 ™70 compared to those in the treatment group
(Figure 7A,B). Furthermore, our structure-based molecular
docking study revealed that RES directly interacted with
STAT3. Therefore, RES inhibited the phosphorylation of
STAT3 at Tyr705 but not at Ser727 in SiHa and HeLa cells.
This probably occurred through direct interaction between
RES and STAT?3 (Figure 4C,D).

Studies have demonstrated that the activation of STAT3
signaling promotes metastasis of cervical cancer cells.50-62
S31201 inhibits STAT3, while AG490 is an inhibitor of the
JAK upstream of STAT3. Our study indicated that RES
had similar effects to S31201 and AG490, resveratrol com-
bined with S31201 or AG490, and consistently decreased
phosphorylation levels of STAT3 ™% in HeLa and SiHa
cells. RES, S31201, and AG490 treatment resulted in a de-
crease in protein levels of N-cadherin, vimentin, MMP-3,
and MMP-13. There was also an increase in the protein
level of E-cadherin in HeLa and SiHa cells. The combined
treatment of RES and S31201 further decreased the pro-
tein levels of N-cadherin, vimentin, MMP-3, and MMP-
13 and increased the protein levels of E-cadherin in HeLa
and SiHa cells (Figure 5A,B). This also indicates that RES
mainly targets STAT3 and inhibits its phosphorylation.
The combined treatment of RES and S31201 further de-
creased the phosphorylation level of STAT3 ™7% jn HeLa
and SiHa cells. These findings corresponded to those of
EMT and ECM enzyme biomarkers. A similar association
was observed in STAT3 ™7% phosphorylation, and EMT
and ECM enzyme biomarkers in tumor tissues grown from
HeLa cells in the mouse model (Figure 7A,B). Our find-
ings suggest that STAT3 is intrinsically targeted with the
cell's response to RES. This effect was intensified by inhib-
itor STAT3 pathway, as shown in Figure 8.

In conclusion, the current study indicates that RES inhib-
its growth of cervical cancer, and EMT and ECM degrada-
tion by inhibiting STAT3 7% phosphorylation. Therefore,
RES is a potential chemotherapeutic and a natural chemopre-
ventive compound for treating cervical cancer.

CONFLICT OF INTEREST
The authors declare no competing financial interests.

AUTHOR CONTRIBUTION

SXD was responsible for designing the study, data collection
and analysis, and preparing the graphs, and was a major con-
tributor to writing the manuscript; XQQ, ZL and XLX were
responsible for performing the experiments; ZQ was respon-
sible for the statistical analysis; XHX processed the charts
and tables in the revision process of the later articles; WXB
and JN contributed to the critical review of the manuscript;
SM and FP supervised and contributed to the critical review
of the manuscript. All authors have read and approved the
manuscript.

ETHICAL APPROVAL

Mouse xenograft experiments in this study were complied
with the ARRIVE guidelines and were conducted in accord-
ance with the U.K. Animals (Scientific Procedures) Act,
1986 and associated guidelines. This study was approved
by the Ethical Committee for Animal Experimentation of
Xiangyang No. 1 People's Hospital (NO. 2017DWO006).

DATA AVAILABILITY STATEMENT
Data that support study findings are available with the cor-
responding author upon reasonable request.

ORCID
Ming Sang ‘© https://orcid.org/0000-0003-2322-0674

REFERENCES

1. Lee KB, Shim SH, Lee JM. Comparison between adjuvant che-
motherapy and adjuvant radiotherapy/chemoradiotherapy after
radical surgery in patients with cervical cancer: a meta-analysis. J
Gynecol Oncol. 2018;29:e62.

2. Zhu Y, Yang J, Zhang X, Chen D, Zhang S. Acquired treatment
response from neoadjuvant chemotherapy predicts a favorable
prognosis for local advanced cervical cancer: A meta-analysis.
Medicine (Baltimore). 2018;97:¢0530.

3. Zhao H, He Y, Zhu LR, et al. Effect of neoadjuvant chemother-
apy followed by radical surgery for FIGO stage IB2/IIA2 cervi-
cal cancer: A multi-center retrospective clinical study. Medicine
(Baltimore). 2019;98:¢15604.

4. Karageorgopoulou S, Kostakis ID, Gazouli M, et al. Prognostic
and predictive factors in patients with metastatic or recurrent
cervical cancer treated with platinum-based chemotherapy. BMC
Cancer. 2017;17:451.

5. Choi YS, Sin JI, Kim JH, Ye GW, Shin IH, Lee TS. Survival ben-
efits of neoadjuvant chemotherapy followed by radical surgery
versus radiotherapy in locally advanced chemoresistant cervical
cancer. J Korean Med Sci. 2006;21:683-689.

6. Ko JH, Sethi G, Um JY, et al. The role of resveratrol in cancer
therapy. Int J Mol Sci. 2017;18.

7. Rauf A, Imran M, Butt MS, Nadeem M, Peters DG, Mubarak MS.
Resveratrol as an anti-cancer agent: A review. Crit Rev Food Sci
Nutr. 2018;58:1428-1447.

8. Elshaer M, Chen Y, Wang XJ, Tang X. Resveratrol: An overview
of its anti-cancer mechanisms. Life Sci. 2018;207:340-349.


https://orcid.org/0000-0003-2322-0674
https://orcid.org/0000-0003-2322-0674

SUN ET AL.

.. 8699
Cancer Medicine -WI LEYJ—

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hsu KF, Wu CL, Huang SC, et al. Cathepsin L mediates resvera-
trol-induced autophagy and apoptotic cell death in cervical cancer
cells. Autophagy. 2009;5:451-460.

Garcia-Zepeda SP, Garcia-Villa E, Diaz-Chavez J, Hernandez-
Pando R, Gariglio P. Resveratrol induces cell death in cervical
cancer cells through apoptosis and autophagy. Eur J Cancer Prev.
2013;22:577-584.

Kim YS, Sull JW, Sung HJ. Suppressing effect of resveratrol on
the migration and invasion of human metastatic lung and cervical
cancer cells. Mol Biol Rep. 2012;39:8709-8716.

Zhao Y, Yuan X, Li X, Zhang Y. Resveratrol significantly inhibits
the occurrence and development of cervical cancer by regulating
phospholipid scramblase 1. J Cell Biochem. 2018.

Siveen KS, Sikka S, Surana R, et al. Targeting the STAT3 sig-
naling pathway in cancer: role of synthetic and natural inhibitors.
Biochim Biophys Acta. 2014;1845:136—-154.

Chatterjee K, Mukherjee S, Vanmanen J, Banerjee P, Fata
JE. Dietary Polyphenols, Resveratrol and Pterostilbene
Exhibit Antitumor Activity on an HPV E6-Positive Cervical
Cancer Model: An in vitro and in vivo Analysis. Front Oncol.
2019;9:352.

Chatterjee K, AlSharif D, Mazza C, Syar P, Al Sharif M, Fata
JE. Resveratrol and Pterostilbene Exhibit Anticancer Properties
Involving the Downregulation of HPV Oncoprotein E6 in Cervical
Cancer Cells. Nutrients. 2018;10.

Yue P, Turkson J. Targeting STAT3 in cancer: how successful are
we? Expert Opin Investig Drugs. 2009;18:45-56.

Jing N, Tweardy DJ. Targeting Stat3 in cancer therapy. Anticancer
Drugs. 2005;16:601-607.

Lee MH, Kundu JK, Keum YS, Cho YY, Surh YJ, Choi BY.
Resveratrol Inhibits IL-6-Induced Transcriptional Activity of AR
and STAT3 in Human Prostate Cancer LNCaP-FGC Cells. Biomol
Ther (Seoul). 2014;22:426-430.

Yang YP, Chang YL, Huang PI, et al. Resveratrol suppresses tum-
origenicity and enhances radiosensitivity in primary glioblastoma
tumor initiating cells by inhibiting the STAT3 axis. J Cell Physiol.
2012;227:976-993.

Zhong LX, Li H, Wu ML, et al. Inhibition of STAT3 signaling as
critical molecular event in resveratrol-suppressed ovarian cancer
cells. J Ovarian Res. 2015;8:25.

Zhong LX, Nie JH, Liu J, Lin LZ. Correlation of ARHI up-
regulation with growth suppression and STAT3 inactivation
in resveratrol-treated ovarian cancer cells.
2018;21:787-795.

Duan J, Yue W, JianYu, E, et al. In vitro comparative studies of
resveratrol and triacetylresveratrol on cell proliferation, apoptosis,
and STAT3 and NFkappaB signaling in pancreatic cancer cells. Sci
Rep. 2016;6:31672.

Baek SH, Ko JH, Lee H, et al. Resveratrol inhibits STAT3 signal-
ing pathway through the induction of SOCS-1: Role in apopto-

Cancer Biomark.

sis induction and radiosensitization in head and neck tumor cells.
Phytomedicine. 2016;23:566-577.

Peng L, Jiang D. Resveratrol eliminates cancer stem cells
of osteosarcoma by STAT3 pathway inhibition. PLoS One.
2018;13:0205918.

Chung SS, Dutta P, Austin D, Wang P, Awad A, Vadgama JV.
Combination of resveratrol and 5-flurouracil enhanced anti-telo-
merase activity and apoptosis by inhibiting STAT3 and Akt sig-
naling pathways in human colorectal cancer cells. Oncotarget.
2018;9:32943-32957.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Open Access,

Li D, Wang G, Jin G, et al. Resveratrol suppresses colon cancer
growth by targeting the AKT/STATS3 signaling pathway. Int J Mol
Med. 2019;43:630-640.

Zhang P, Li H, Yang B, et al. Biological significance and
therapeutic implication of resveratrol-inhibited Wnt, Notch
and STAT3 signaling in cervical cancer cells. Genes Cancer.
2014;5:154-164.

Popescu NC, DiPaolo JA, Amsbaugh SC. Integration sites of
human papillomavirus 18 DNA sequences on HeLa cell chromo-
somes. Cytogenet Cell Genet. 1987;44:58-62.

el Awady MK, Kaplan JB, O'Brien SJ, Burk RD. Molecular analy-
sis of integrated human papillomavirus 16 sequences in the cervi-
cal cancer cell line SiHa. Virology. 1987;159:389-398.

Friedl F, Kimura I, Osato T, Ito Y. Studies on a new human cell line
(SiHa) derived from carcinoma of uterus. I. Its establishment and
morphology. Proc Soc Exp Biol Med. 1970;135:543-545.
Meissner JD. Nucleotide sequences and further characteriza-
tion of human papillomavirus DNA present in the CaSki, SiHa
and HeLa cervical carcinoma cell lines. J Gen Virol. 1999;80(Pt
7):1725-1733.

Trott O, Olson AJ. AutoDock Vina: Improving the speed and ac-
curacy of docking with a new scoring function, efficient optimiza-
tion, and multithreading. J Comput Chem. 2010;31:455-461.
Hong Bin W, Da LH, Xue Y, Jing B. Pterostilbene (3’,5'-dime-
thoxy-resveratrol) exerts potent antitumor effects in HeLLa human
cervical cancer cells via disruption of mitochondrial membrane
potential, apoptosis induction and targeting m-TOR/PI3K/Akt sig-
nalling pathway. / BUON. 2018;23:1384—1389.

Laskowski RA, Swindells MB. LigPlot+: multiple ligand-pro-
tein interaction diagrams for drug discovery. J Chem Inf Model.
2011;51:2778-2786.

Berman HM, Westbrook J, Feng Z, et al. The protein data bank.
Nucleic Acids Res. 2000;28:235-242.

Burley SK, Berman HM, Bhikadiya C, et al. RCSB Protein Data
Bank: biological macromolecular structures enabling research and
education in fundamental biology, biomedicine, biotechnology
and energy. Nucleic Acids Res. 2019;47:D464—d474.

Belo Y, Mielko Z, Nudelman H, et al. Unexpected implications of
STAT3 acetylation revealed by genetic encoding of acetyl-lysine.
Biochim Biophys Acta Gen Subj. 2019.

Kim S, Chen J, Cheng T, et al. PubChem 2019 update: im-
proved access to chemical data. Nucleic Acids Res. 2019;47:
D1102-D1109.

Morris GM, Huey R, Lindstrom W, et al. AutoDock4 and
AutoDockTools4: Automated docking with selective receptor flex-
ibility. J Comput Chem. 2009;30:2785-2791.

Siddiquee K, Zhang S, Guida WC, et al. Selective chemical probe
inhibitor of Stat3, identified through structure-based virtual
screening, induces antitumor activity. Proc Natl Acad Sci U S A.
2007;104:7391-7396.

Kang MJ, Park SY, Han JS. Hippocalcin Is Required for Astrocytic
Differentiation through Activation of Stat3 in Hippocampal Neural
Precursor Cells. Front Mol Neurosci. 2016;9:110.

Lin L, Amin R, Gallicano GI, et al. The STAT3 inhibitor NSC
74859 is effective in hepatocellular cancers with disrupted TGF-
beta signaling. Oncogene. 2009;28:961-972.

Rahaman SO, Harbor PC, Chernova O, Barnett GH, Vogelbaum
MA, Haque SJ. Inhibition of constitutively active Stat3 suppresses
proliferation and induces apoptosis in glioblastoma multiforme
cells. Oncogene. 2002;21:8404-8413.



8700 ..
—I—WI LEY_Cancer Medicine _

44,
45.

46.
47.
48.

49.

50.
S1.

52.
53.

54.

55.

SUN ET AL.

Harikumar KB, Kunnumakkara AB, Sethi G, et al. Resveratrol, a
multitargeted agent, can enhance antitumor activity of gemcitabine
in vitro and in orthotopic mouse model of human pancreatic can-
cer. Int J Cancer. 2010;127:257-268.

Vendrely V, Peuchant E, Buscail E, et al. Resveratrol and capsaicin
used together as food complements reduce tumor growth and res-
cue full efficiency of low dose gemcitabine in a pancreatic cancer
model. Cancer Lett. 2017;390:91-102.

Zhu T, Hu X, Wei P, Shan G. Molecular background of the re-
gional lymph node metastasis of gastric cancer. Oncol Lett.
2018;15:3409-3414.

Shimizu D, Kanda M, Kodera Y. Emerging evidence of the molec-
ular landscape specific for hematogenous metastasis from gastric
cancer. World J Gastrointest Oncol. 2018;10:124—136.

Zhong J, Chen Y, Wang LJ. Emerging molecular basis of hema-
togenous metastasis in gastric cancer. World J Gastroenterol.
2016;22:2434-2440.

Mrozik KM, Blaschuk OW, Cheong CM, Zannettino ACW,
Vandyke K. N-cadherin in cancer metastasis, its emerging role in
haematological malignancies and potential as a therapeutic target
in cancer. BMC Cancer. 2018;18:939.

Labernadie A, Kato T, Brugues A, et al. A mechanically active
heterotypic E-cadherin/N-cadherin adhesion enables fibroblasts to
drive cancer cell invasion. Nat Cell Biol. 2017;19:224-237.

Ma Y, Zhang H, Xiong C, et al. CD146 mediates an E-cadherin-
to-N-cadherin switch during TGF-beta signaling-induced epitheli-
al-mesenchymal transition. Cancer Lett. 2018;430:201-214.
Angadi PV, Patil PV, Angadi V, et al. Immunoexpression of
Epithelial Mesenchymal Transition Proteins E-Cadherin, beta-Cat-
enin, and N-Cadherin in Oral Squamous Cell Carcinoma. Int J
Surg Pathol. 2016;24:696-703.

Zhu GJ, Song PP, Zhou H, et al. Role of epithelial-mesenchy-
mal transition markers E-cadherin, N-cadherin, beta-catenin
and ZEB2 in laryngeal squamous cell carcinoma. Oncol Lett.
2018;15:3472-348]1.

Ghahhari NM, Babashah S. Interplay between microRNAs and
WNT/beta-catenin signalling pathway regulates epithelial-mesen-
chymal transition in cancer. Eur J Cancer. 2015;51:1638-1649.
Liu CY, Lin HH, Tang MJ, Wang YK. Vimentin contributes to
epithelial-mesenchymal transition cancer cell mechanics by me-
diating cytoskeletal organization and focal adhesion maturation.
Oncotarget. 2015;6:15966—15983.

56.

57.

58.

59.

60.

61.

62.

Myong NH. Loss of E-cadherin and Acquisition of Vimentin in
Epithelial-Mesenchymal Transition are Noble Indicators of Uterine
Cervix Cancer Progression. Korean J Pathol. 2012;46:341-348.
Heikkila P, Teronen O, Moilanen M, et al. Bisphosphonates in-
hibit stromelysin-1 (MMP-3), matrix metalloelastase (MMP-12),
collagenase-3 (MMP-13) and enamelysin (MMP-20), but not uro-
kinase-type plasminogen activator, and diminish invasion and mi-
gration of human malignant and endothelial cell lines. Anticancer
Drugs. 2002;13:245-254.

Zheng X, Chopp M, Lu Y, Buller B, Jiang F. MiR-15b and miR-
152 reduce glioma cell invasion and angiogenesis via NRP-2 and
MMP-3. Cancer Lett. 2013;329:146—154.

FanY,Gan Y, Shen Y, et al. Leptin signaling enhances cell invasion
and promotes the metastasis of human pancreatic cancer via in-
creasing MMP-13 production. Oncotarget. 2015;6:16120-16134.
Zeng YT, Liu XF, Yang WT, Zheng PS. REX1 promotes EMT-
induced cell metastasis by activating the JAK2/STAT3-signaling
pathway by targeting SOCS1 in cervical cancer. Oncogene.
2019;38(43):6940-6957.

Fan Z, Cui H, Xu X, et al. MiR-125a suppresses tumor growth,
invasion and metastasis in cervical cancer by targeting STATS3.
Oncotarget. 2015;6:25266-25280.

Wang DW, You D, Dong J, Liu TF. Knockdown of long non-cod-
ing RNA LINCO00518 inhibits cervical cancer proliferation and
metastasis by modulating JAK/STAT3 signaling. Eur Rev Med
Pharmacol Sci. 2019;23:496-506.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Sun X, Xu Q, Zeng L, et al.
Resveratrol suppresses the growth and metastatic
potential of cervical cancer by inhibiting STAT37"7%
phosphorylation. Cancer Med. 2020;9:8685-8700.
https://doi.org/10.1002/cam4.3510



https://doi.org/10.1002/cam4.3510

