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Metformin Antagonizes Ovarian Cancer
Cells Malignancy Through MSLN
Mediated IL-6/STAT3 Signaling
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Qian Han1, Lu Zhang1, JiaQi Li1, Shuai Liu1, YuLan Ma1, Lan Li1,
Lei Yang1, SiYing Zou1, and Bin Han1

Abstract
Background: Ovarian cancer is the most lethal gynecological malignancy, and chemotherapy remains the cornerstone for
ovarian cancer management. Due to the unsatisfactory prognosis, a better understanding of the underlying molecular car-
cinogenesis is urgently required. Methods: Assays for determining cell growth, cell motility, and apoptosis were employed to
evaluate the potential antitumor effects of metformin against ovarian cancer cells. Molecular biological methods were
employed to explore the underlying mechanism. Human ovarian cancer samples and Gene Expression Profiling Interactive
Analysis (GEPIA) dataset were used for uncovering the clinical significances of mesothelin (MSLN) on ovarian cancer. Results:
In the present work, we found that metformin treatment led to cell growth and cell migration inhibition, and induced cell
apoptosis. Metformin administration also impaired cancer cell stemness and the capillary-like structure formation capacity of
SKOV3 cells. On mechanism, metformin treatment remarkably reduced mesothelin (MSLN) expression, downregulated IL-6/
STAT3 signaling activity, subsequently resulted in VEGF and TGFb1 expression. We also observed an oncogenic function of
MSLN on ovarian cancer. Conclusions: Collectively, our findings suggested that metformin exerts anticancer effects by
suppressing ovarian cancer cell malignancy, which attributed to MSLN inhibition mediated IL6/STAT3 signaling and VEGF and
TGFb1 downregulation.
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Abbreviation
(MSLN), mesothelin; (VEGF), Vascular endothelial growth factor; (ER), Endoplasmic reticulum; (ICC), Intrahepatic cholangio-
carcinoma; (IL-6), Interleukin-6

Introduction

Ovarian cancer is the fifth leading cause of death in women

and the most lethal of gynecological malignancies1–3. Cur-

rently, chemotherapy remains the cornerstone for ovarian

cancer management1–5. Despite ovarian cancer chemothera-

pies have improved substantially, the prognosis for patients

remains unsatisfactory. The 5-year survival rate after initial

diagnosis for patients with stage III and IV ovarian cancer is

still <20%3. Thus, a better understanding of the underlying

molecular carcinogenesis of ovarian cancer is urgently

required for developing more reliable therapy for ovarian

cancer.

In addition to being widely accepted as the first-line antidia-

betic agent, metformin (1,1-dimethylbiguanide hydrochloride)

is currently attracting considerable attention as an antineoplas-

tic agent. In intrahepatic cholangiocarcinoma (ICC) cells,

glioblastoma cells, cervical carcinoma cells, endometrial
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cancer cells, and melanoma cells, metformin was demon-

strated to inhibit proliferation, migration and facilitate apopto-

sis6–14. Metformin was also reported inhibited TGFb1-induced

EMT via PKM2 relative-mTOR/p70s6 k signaling pathway7.

Furthermore, metformin treatment possessed an inhibitory

effect on growth and motility through modulation of micro-

RNA expression11. Numerous epidemiological investigations

and preclinical studies have demonstrated diverse mechanisms

underlying the antitumor action of metformin. However, the

exact function of metformin on ovarian cancer remains

unclear, though metformin intake was reported associated with

better survival and metformin also was found to inhibit the

development and metastasis of ovarian cancer.

Mesothelin (MSLN) is a cell surface glycoprotein that is

overexpressed in various cancer, such as malignant mesothe-

lioma, pancreatic cancer, and lung adenocarcinoma15–22.

MSLN overexpression has been shown correlated with poor

prognosis in esophageal and gastric cancer16,18,19,21,22. In

vitro, overexpression of MSLN significantly promotes cell

proliferation, cell cycle progression, and resistance to TNF-a

induced growth inhibition and apoptosis in pancreatic cancer

cell lines15,23. In human breast cancer cell lines (MCF-7,

T47D, and MDA-MB-231), overexpression of MSLN pro-

moted anchorage-independent growth in soft agar24. In lung

cancer, MSLN was found to be highly upregulated in non-

small cell lung cancer (NSCLC) patient tissues and lung

carcinoma, and MSLN genetic deficiency significantly

reduced anchorage-independent cell growth, tumorsphere

formation, cell adhesion, migration, and invasion in vitro,

as well as tumor formation and metastasis in vivo17,18, sug-

gested an oncogenic function of MSLN on cancer. On

mechanism, MSLN was found to participate in IL6/STAT3

signaling regulation. MSLN overexpression leads to consti-

tutive activation of the transcription factor Stat3, which

results in enhanced expression of cyclin E and increased

G1-S transition23. Also, MSLN overexpressed pancreatic

cancer cell line produced increased IL-6 and resistance to

TNF-a-induced apoptosis15,25. The exact function of MSLN

on ovarian cancer remains unclear.

In the present study, we explored the effect of metformin

on ovarian cancer and revealed a functional axis that met-

formin through down-regulating MSLN expression and sub-

sequently inhibiting IL6/STAT3-TGFb signaling to suppress

ovarian cancer cells malignancy.

Materials and Methods

Cell Culture

Characterized ovarian cancer cell line SKOV3 was pur-

chased from American Type Culture Collection (ATCC,

Manassas, VA, USA) and maintained in Dulbecco’s Modi-

fied Eagle’s Medium (DMEM) (Sigma, St. Louis, MO,

USA) with 10% fetal bovine serum (FBS) (Hyclone, Logan,

UT, USA), 1% streptomycin (v/v) (Sigma) and 1% penicillin

(v/v) (Sigma) in an incubator at 37�C in 5% CO2.

Cell Viability Assay

Cell viability was evaluated using cell counting kit-8

(CCK-8) (Dojindo, Mashiki-machi, Japan), according to the

manufacturer’s instruction. Briefly, cells (2 � 103 per well)

were plated in 96-well plates and treated with increasing

doses of metformin (0, 0.5, 1, and 5 mM) (Sigma-Aldrich).

To determine the percentage of viability, the absorbance was

measured at 450 nm using a microplate reader (MQX 200,

BioTek Instruments, Winooski, VT, USA) following treat-

ment with CCK-8 for 2 h at 37�C.

Colony Formation Assay

For colony formation assay, SKOV3 cells at the exponential

growth phase were seeded at 200 cells per well, incubated

until cells attached, and then different doses (0, 1, and 5 mM)

of metformin was added to the cell culture. After the treat-

ment, the cells were again kept for incubation for 14 days,

Colonies were fixed and stained with crystal violet and

counted under the light microscope. All assays were done

in triplicate, and the results were presented as the percentage

(%) of the untreated group.

Annexin V Staining and Flow Cytometry

Cells were stained with an Annexin V PE Apoptosis Detec-

tion Kit (BD, USA) according to the manufacturer’s instruc-

tions. The flow cytometry assay to analyze the percentage of

apoptotic cells was performed on BD FACSCalibur (Becton,

Dickinson and Company, Lake Franklin, New Jersey, USA).

Cell Scratch and TUNEL Assay

Cell scratch assay was used to detect the migration of

SKOV3 cells. For the scratch assay, SKOV3 cells were cul-

tured until confluency. Following serum starvation for 24 h,

a linear wound was made by scratching the bottom of the

dish. The wound images were captured after scratch 24 h

using the Motic AE31 Photometry and Dimensioning micro-

scope (Milton, MA, USA). Cell apoptosis was detected using

TUNEL (Roche Applied Science) assays according to

instructions of the manufacturer. For quantification, the

numbers of TUNEL-positive cells were counted in at least

five randomly with three independent samples.

RNA Extraction and Real-Time Quantitative
Polymerase Chain Reaction (RT-qPCR)

Total RNA of SKOV3 cells was extracted by Trizol reagent

according to the manufacturer’s instruction (Takara, Dalian,

China), and then quantified by NanoDrop Spectrophot-

ometer. Equal amount RNAs were subjected to reverse tran-

scription for cDNAs with a Takara PrimeScript RT-PCR Kit

(Takara, Dalian, China). Real-time PCR was done using the

TB Green Fast qPCR Mix (Takara, Dalian, China), and the
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reference gene GAPDH was used as the internal control. The

primers used in the present study were listed as follows:

TGFB1 forward, 50-GGCCAGATCCTGTCCAAGC-30;
TGFB1 reverse: 50-GTGGGTTTCCACCATTAGCAC-30;
VEGFA forward: 50-AGGGCAGAATCATCACGAAGT-30;
VEGFA reverse: 50-AGGGTCTCGATTGGATGGCA-30;
SOX2 forward: 50-GCCGAGTGGAAACTTTTGTCG-30;
SOX2 reverse: 50-GGCAGCGTGTACTTATCCTTCT-30;
OCT4 forward: 50-CGGAAGAGAAAGCGAACTAGC-30;
OCT4 reverse: 50-ATTGGCGATGTGAGTGATCTG-30;
ZEB1 forward: 50-ACTCTGATTCTACACCGC-30;
ZEB1 reverse: 50-TGTCACATTGATAGGGCTT-30;
Snail forward: 50- TCGGAAGCCTAACTACAGCGA-30;
Snail reverse: 50- AGATGAGCATTGGCAGCGAG-30;
Vimentin forward: 50- AAACTTAGGGGCGCTCTTGT-30;
Vimentin reverse: 50-CGCTGCTAGTTCTCAGTGCT-30;
FN1 forward: 50-CCATCGCAAACCGCTGCCAT-30;
FN1 reverse: 50-CCATCGCAAACCGCTGCCAT-30;
E-cadherin forward: 50-GCGTCCTGGCAGAGTGAAT

TTT -30;
E-cadherin reverse: 50-GGCCTTTTGACTGTAATCA

CAAA-30;
N-cadherin forward: 50-TCAGGCGTCTGTAGAGGC

TT-30;
N-cadherin reverse: 50- ATGCACATCCTTCGATAA

GACTG-30;
GAPDH forward: 50-CTGGGCTACACTGAGCACC-30;
GAPDH reverse: 50-AAGTGGTCGTTGAGGGCAATG-30.

Western Blot Analysis

Western blot analysis was performed to determine the pro-

tein expression and phosphorylation levels. Cellular pro-

teins were extracted using RIPA lysis buffer (Beyotime

Institute of biotechnology). 20 mg lysate was loaded and

separated in each lane of sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), electro-

phoresed for 2 h at 100 V in the buffer, and transferred to

polyvinylidene fluoride (PVDF) membranes. After block-

ing in 5% fat-free dry milk, antibodies for MSLN, IL-6, p-

STAT3, STAT3, TGFb1, p-Smad2, Smad2, SOX2, OCT4

and VEGF were employed. Target proteins and phosphor-

ylation were detected by chemiluminescence with a

Tanon-5500 Imaging System (Tanon Science&Techology

Ltd., Shanghai, China) and quantified with the ImageJ

software.

Tube Structure Formation and BrdU Assay

SKOV3 cells were treated with the indicated dose of met-

formin (0, and 5 mM). Tube structure formation experi-

ment was performed as previously described6. Briefly,

cells (2 � 104 per well) were cultured in a 96-well plate

coated with 50 ml of Matrigel (356234; BD Biosciences).

Tube-like SKOV3 cell structure formation was imaged

after 6 hours in five random microscopic fields with an

inverted phase-contrast microscope. The number of

loops/meshes was quantified and used to calculate the tube

formation. Corresponding BrdU assay was performed

according to the manufacturer’s instruction (Roche Diag-

nostics, Penzberg, Germany).

MSLN knock out by CRISPR/Cas9 Gene Editing and
STAT3 knockdown

In the present study, the MSLN gene was knocked out by the

CRISPR/Cas9 mediated gene editing. In brief, sgRNA oligo

targeted MSLN sequence 50-GGTTGGCCAGGACTCC

GTCC-30 was synthesized and cloned into the PX459 vector

(Addgene plasmid #62988). Plasmid construction was per-

formed according to protocol and confirmed by sequencing.

To obtain MSLN knocking out SKOV3 cell lines, MSLN

knocking out plasmids were transfected by Lipofectamine

3000 transfection reagent (ThermoFisher) for 27 h, and then

were selected with puromycin (concentration 2 ng/ml).

Single-cell cloning was performed in a 96-well plate to grow

single clones, and MSLN knock out was detected by western

blot and sequencing.

STAT3 knockdown SKOV3 cell line was constructed by

infecting cells with lentivirus vectors that expressing a spe-

cific small hairpin RNA targeted STAT3 (50-CTTCA

GACCCGTCAACAAA-30).

Ovarian Cancer Tissues and Immunohistochemical
Staining

Forty-three paired ovarian cancer tissue and corresponding

adjacent samples were obtained from patients histopatholo-

gically and clinically diagnosed with ovarian cancer at the

Chengdu fifth people’s hospital.

Informed consent was obtained from each patient, and all

experiments were performed with the approval of the Clin-

ical Research Ethics Committee of Chengdu fifth people’s

hospital. Anti-MSLN (1:500; Cell Signaling Technology,

USA, 99966) were used as an antibody to detect protein

expression levels based on the standard immunohistochem-

ical staining procedure. Immunohistochemical staining

scores were generated by multiplying the percentage of

stained positive cells (0, <5%; 1, 5–25%; 2, 25–50%; 3,

50–75%; and 4, >75%) and the staining intensity (0, nega-

tive; 1, weak; 2, moderate; and 3, strong).

Statistical Analysis

All values were presented as the means + SEM. Statistical

analysis was performed using a one-way ANOVA to com-

pare between multiple groups and Student’s t-test to com-

pare between two groups. A value of P < .05 was considered

statistically significant. Statistical analysis was performed

using SPSS Statistics software (SPSS16.0).
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Results

Metformin Administration Suppressed Ovarian Cancer
Cells Malignancy

To explore the effects of Metformin administration on

ovarian tumor malignancy, SKOV3 cells were treated with

the indicated concentrations of metformin and cell viability

was determined by CCK-8 assay. Our results illustrated

that, compared to the untreated group, SKOV3 cells treated

with metformin displayed a dose-dependent decrease in

cell viability (Fig. 1A). In addition, this inhibition was also

reflected in the colony formation ability of SKOV3. As

shown in Fig. 1B, C, the colony formation was observed

dramatically inhibited in SKOV3 cells that were admini-

strated with 1 mM or 5 mM metformin. Furthermore, we

determined the effect of Metformin treatment on cell

apoptosis by Annexin V staining and TUNEL assay, and

found that SKOV3 cells apoptosis was significantly

induced by 1 mM or 5 mM metformin administration (Fig.

1D–G). Similarly, SKOV3 cells wound healing was

detected remarkably inhibited by 5 mM metformin treat-

ment (Fig. 1H, I), which suggested an inhibitory effect of

metformin on SKOV3 cell migration. Epithelial mesench-

ymal transition plays a prominent role in tumoral cells

migration and tumor metastasis, thus we supposed that met-

formin treatment may affect the epithelial mesenchymal

transition process of ovarian cancer cells. As expected,

we detected a significant facilitation in epithelial marker

expression and a dramatically reduction in mesenchymal

markers expression (Supplemental Fig. S1), indicated an

inhibitory effect of metformin on epithelial mesenchymal

transition in ovarian cancer cells. Collectively, our results

Figure 1. Effects of metformin on cell viability, colony formation, apoptosis, and migration of SKOV3 cells. (A) SKOV3 cells were treated
with the indicated concentration of metformin (0, 0.5, 1, and 5 mM), cell viability was determined by CCK-8 at indicated time point. (B)
Colony formation assays were performed to determine the proliferation of SKOV3 cells treated with 0, 1, and 5 mM metformin respectively.
(C) Quantitative analysis of colony formation in control, 1 mM and 5 mM metformin treatment SKOV3 cells; N ¼ 5 per group, Data are
mean + SEM,****P < .0001. (D-E) Quantitative analysis of the effect of Metformin on apoptosis of SKOV3 cells by flow cytometry assessed
FITC-Annexin V staining, N ¼ 5 per group, Data are mean + SEM, ****P < .0001. (F, G) Representative TUNEL staining and quantitative
analysis of the effect of Metformin on apoptosis of SKOV3 cells in control, 1 mM and 5 mM metformin treatment, N¼ 5 per group, Data are
mean + SEM, ***P < .001. (H, I) Representative cell scratch assay and quantitative analysis of the effect of metformin on cell migration of
SKOV3 cells in control and 5 mM metformin treatment, N ¼ 5, data were showed in mean + SEM, ***P < .001.
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indicated that metformin possesses an inhibitory function

on ovarian cancer malignancy by suppressing ovarian can-

cer cell growth, cell migration, and inducing SKOV3 cells

apoptosis.

Metformin Impaired Ovarian Cancer Cells Stemness
and Angiogenesis

To further determine the effects of metformin on tumor-

initiating (stemness) capacity and angiogenesis of SKOV3

cells, the levels of angiogenic factors (TGFb1 and VEGF),

stemness-related genes (SOX2 and OCT4), and Smad2

expressions were determined by western blot assay and

qRT-PCR. Our data clearly showed that the cancer cell

stemness was significantly inhibited by metformin treat-

ment, as reflected by down-regulated SOX2 and OCT4

expression on mRNA and protein level in 5 mM

metformin-treated cells (Fig. 2A–G). Consistently, metfor-

min treatment reduced the proportion of BrdU-positive

cells of SKOV3 (Supplemental Fig. S2A and Fig. 2I),

which further demonstrated Metformin impaired ovarian

cancer cell stemness. Furthermore, we detected a down-

regulation on angiogenic factors (TGFb1 and VEGF)

expression and a reduction of Smad-2 phosphorylation in

ovarian cancer cells SKOV3 that administrated with 5 mM

metformin (Fig. 2A–G), suggested that metformin pos-

sessed a suppressive effect on ovarian cancer cell angiogen-

esis, which was further demonstrated by the observation

that metformin treatment led to a decreased capacity of

tube formation in SKOV3 cells (Supplemental Fig. S2B,

Fig. 2H). Taken together, our data indicated that metformin

possessed suppressive function on ovarian cancer cell stem-

ness and angiogenesis.

MSLN Mediated the Effects of Metformin on Inhibiting
the Malignancy of Ovarian Cancer

Given previous studies implicating that aberrant expression

of MSLN was involved in various types of cancers16,19, we

determined whether the anti-cancer effects of metformin in

ovarian cancer cell malignancy was dependent on MSLN

regulation. Thus, SKOV3 cells were treated with the indi-

cated concentrations of metformin and MSLN mRNA and

protein level were detected by western blot and qRT-PCR.

As illustrated in Fig. 3A–C, the expression of MSLN was

remarkably reduced in metformin treatment groups on

mRNA and protein level in SKOV3 cells, which was con-

firmed in OV90 cells (Supplemental Fig. S3). In addition,

cell viability and cell migration were strikingly suppressed

by MSLN knock-out, indicated MSLN has a promoting

function on ovarian cancer cell SKOV3 malignancy (Fig.

3D, F). Furthermore, we found that metformin treatment no

longer decreased SKOV3 cell migration while MSLN was

knock out (Fig. 3E, G), indicated that metformin inhibiting

SKOV3 cell migration via down-regulating MSLN expres-

sion. Next, we determined if MSLN mediated the inhibitory

Figure 2. Effects of metformin on TGFb1-mediated angiogenesis and stemness. (A–F) Representative western blot and quantitative analysis
of the effects of metformin on TGFb1, pSMAD2, VEGF, SOX2. and OCT4 expression, N ¼ 5, data were showed in mean + SEM, ***P <
.001. (G) Q-RT-PCR determined the mRNA expression of TGFb1, VEGF, SOX2, and OCT4 in control and 5 mM metformin-treated
SKOV3 cells, data were showed in mean + SEM, N ¼ 5, ***P < .001. (H-I) Quantitative analysis of capillary-like structure formation and
BrdU staining in control, with 5 mM metformin treatment SKOV3 cells; N ¼ 5 per group, Data are mean + SEM, ***P < .001.
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effects of metformin on ovarian cancer cell stemness and

angiogenesis. By analyzing the ovarian cancer data from

TCGA, a positive correlation was observed between MSLN

and SOX2, OCT4 and VEGF (Fig. 3H), suggested that

MSLN could promote function on ovarian cancer cell stem-

ness and angiogenesis. Given that metformin administra-

tion significantly suppressed MSLN expression and ovarian

cancer cell stemness and angiogenesis, we suggested that

MSLN mediated the inhibitory effects of metformin on

ovarian cancer cell stemness and angiogenesis. Collec-

tively, our data demonstrated that MSLN mediated the

function of metformin on inhibiting the malignancy of

OV cancer.

Metformin Inhibits IL-6/STAT3 Signaling Through
Downregulating MSLN Expression

MSLN is a cell surface glycoprotein that is overexpressed in

various cancer and plays crucial roles in cancer16,18–23. Pre-

vious studies have shown that MSLN possesses an important

promoting function on pancreatic cancer cell proliferation,

cell cycle progression, and overexpression of MSLN in

pancreatic cancer cells leads to constitutive activation of the

transcription factor Stat3, which results in enhanced expres-

sion of cyclin E and increased G1-S transition23,25. In addi-

tion, MSLN overexpressed pancreatic cancer cell line

MIA-PaCa2 cells produced increased IL-6 and were resistant

Figure 3. MSLN mediated the function of Metformin on inhibiting the malignancy of OV cancer. The effect of metformin on MSLN
expression was analyzed by western blot in SKOV3 cells under different treatments. GAPDH was used as an internal reference. Quantitative
analysis of the effects of metformin on MSLN expression in control 0.5 mM, 1 mM, and 5 mM metformin-treated SKOV3 cells, data were
showed in mean + SEM, N ¼ 5, ***P < .001. Q-RT-PCR determined the mRNA expression of MSLN in control 0.5 mM, 1 mM, and 5 mM
metformin-treated SKOV3 cells, data were showed in mean + SEM, N¼ 5, ***P < .001. MSLN was knock-out (up), and SKOV3 cell viability
was determined by CCK-8 at the indicated time point (down). Cell migration was measured by transwell assay, up: NC means empty vector
control, MSLN-KO1 and MSLN-KO2 indicated different MSLN knock-out clone, down: NC and MSLN-KO means control and MSLN
knock-out, NC þ metformin and MSLN-KOþ metformin means control cells or MSLN-KO cells treated with Metformin. (F, G) Quanti-
tative analysis of the cell migration corresponding to the Figure 3E, data were showed in mean + SEM, N ¼ 5, **P < .01. (H) Correlation
analysis of the expression of MSLN with the expression of SOX2, OCT4 and VEGF in ovarian cancer samples, data were from TCGA.
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to TNF-a-induced apoptosis15. Furthermore, metformin was

found to target Stat3 to inhibit cell growth and induce apop-

tosis in triple-negative breast cancers, esophageal squamous

cell carcinoma and bladder cancer 7,26–28. And based on our

observation that metformin significantly inhibited ovarian

cancer cell malignancy and suppressed MSLN expression,

we hypothesized that IL-6/STAT3 signaling may participate

in the processes that metformin exerted an inhibitory func-

tion on ovarian cancer. To examine this possibility, we

determined the IL-6/STAT3 signaling in control and

metformin-treated SKOV3 cells. Consistent with the

decrease of MSLN expression, the IL-6 expression and

STAT3 activation were dramatic reduced in the setting of

5 mM metformin administration (Fig. 4A, B). Next, we

tested if metformin suppressed IL-6/STAT3 signaling by

regulating MSLN. As the results show in Fig. 4C, D, in

control cells, metformin remarkably suppressed MSLN

expression and IL-6/STAT3 signaling, while metformin

treatment has no effect on IL-6/STAT3 signaling in MSLN

knock out cell line, which indicated that metformin function

on inhibiting IL-6/STAT3 signaling via MSLN regulation.

Next, we knockdown the expression of STAT3 in SKOV3

cell line (Fig. 4E), and test if deletion of STAT3 could

reduce the observed anti-cancer effects of metformin on

ovarian cancer cells. Indeed, our results illustrated that cell

growth was no longer inhibited by metformin administration

in STAT3 knockdown cells (Fig. 4F), indicating that the

anti-cancer effects of metformin is largely dependent upon

STAT3 regulation. Collectively, our observation suggested

metformin function on inhibiting ovarian cancer through

MSLN mediated IL-6/STAT3 signaling regulation.

MSLN Functions as a Tumor-Promoting Factor in
Ovarian Cancer

To further explore the function of MSLN on ovarian can-

cer, 43 paired ovarian cancer samples and adjacent tissue

samples were subjected to immunohistochemistry (IHC)

analysis. Higher expression of MSLN was detected in

tumoral areas compared to adjacent tissues based on the

IHC score (Fig. 5A, B). Furthermore, by analyzing the

publicly assessable data for ovarian cancer within the Gene

Expression Profiling Interactive Analysis (GEPIA) dataset,

we also found that MSLN transcription was increased sig-

nificantly in ovarian cancer tissues and varied in different

stages (Fig. 5C, D); high mRNA expression of MSLN was

associated with shorter overall survival (OS) (P ¼ .014)

(Fig. 5E). Taken together, these data strongly suggested

that MSLN function as a tumor-promoting factor in ovarian

cancer.

Figure 4. MSLN mediated the effects of Metformin on inhibiting the IL-6/STAT3 signaling. Western blot results showed the expression of
MSLN, IL-6, p-STAT3 and STAT3 in untreated and 5 mM metformin-treated group. Quantitative analysis of the effects of metformin on IL-6
and p-STAT3 expression in control and 5 mM metformin-treated SKOV3 cells, data were showed in mean + SEM, N¼ 5, ****P < .0001. All
data were normalized to GAPDH and fold change was expressed in relation to the untreated group. Western blot results showed the
expression of MSLN, IL-6, p-STAT3 and STAT3 in control (NC) and MSLN knock-out (KO) cells treated with 0 or 5 mM metformin.
Quantitative analysis of the effects of metformin on IL-6 and p-STAT3 expression in control (NC) and MSLN knock-out (KO) SKOV3 cells
treated with 0 or 5 mM metformin, data were showed in mean + SEM, N ¼ 5, ****P < .0001. All data were normalized to GAPDH and fold
change was expressed in relation to the untreated group. Western blot results showed the expression of STAT3 in STAT3 deletion SKOV3
cells with or without metformin administration. SKOV3 cell viability was determined by CCK-8 at the indicated time point.
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Discussion

In ovarian cancer, accumulating studies has demonstrates

that the abnormal activation of STAT3 signaling plays a

crucial role in tumor properties. The fact that STAT3 signal-

ing involved in regulating cell proliferation, survival, inva-

sion, stem cell-like characteristic, angiogenesis and

chemoresistancer make it to act as a promising therapeutic

target in ovarian cancer29. Indeed, multiple natural and syn-

thetic inhibitors targeting STAT3 signaling directly or indir-

ectly are explored in preclinical trial or clinical trial in

ovarian cancer29–31. To date, some inhibitors showed signif-

icant toxicity or have synergistic effects when combined

with conventional chemotherapy both in vitro and in vivo.

However, quite few inhibitors exhibit minimal activity in

xenografts or in patients. Thus, more effective drugs are

urgently needed. In addition to as an extensively used first-

line antidiabetic drug, accumulated evidence has shown that

metformin has a function in protecting against cancer. In

intrahepatic cholangiocarcinoma (ICC) cells32, metformin

was demonstrated to inhibit proliferation and facilitate apop-

tosis. In glioblastoma cells, metformin has been found inhib-

ited cell proliferation and migration9. In cervical carcinoma

cells, metformin was reported to inhibit TGFb1-induced

EMT via PKM2 relative-mTOR/p70s6 k signaling path-

way7, and metformin inhibited estrogen-dependent endome-

trial cancer cell growth by activating the AMPK–FOXO1

signal pathway14. Furthermore, metformin treatment pos-

sessed an inhibitory effect on melanoma cell growth and

motility through modulation of microRNA expression11. In

ovarian cancer, though metformin intake was reported asso-

ciated with better survival and metformin also was found to

inhibit the development and metastasis of ovarian can-

cer8,33,34. In our present study, our data revealed that met-

formin treatment showed a potential growth inhibitory

activity against SKOV3 cells malignancy as indicated by

suppressing ovarian cancer cell growth, cell migration and

inducing SKOV3 cells apoptosis. Furthermore, consistent

with the previous study, our data also showed the suppres-

sive effect of metformin on ovarian cancer stemness in vitro.

Our data clearly showed that the cancer cell stemness was

significantly inhibited by metformin treatment, as reflected

by down-regulated SOX2 and OCT4 expression on mRNA

and protein level in 5 mM metformin-treated cells. Consis-

tently, metformin treatment reduced the proportion of BrdU-

positive cells of SKOV3. On mechanism, our observation

demonstrated that metformin treatment remarkably reduced

Figure 5. MSLN function as a tumor-promoting factor on OV cancer. Representative immunohistochemical staining of MSLN in adjacent
tissue (Adjacent) and ovarian cancer tissue (OV); IHC scores of MSLN in adjacent tissue (Adjacent) and ovarian cancer tissue (OV);
Quantitative analysis of the expression of MSLN in normal tissue (N) and OV tissue (T) with TCGA data; *P < .05; Quantitative analysis
of the expression of MSLN in stages of ovarian cancer and data were from TCGA. F value ¼ 3.41, Pr(>F) ¼ 0.0338; Log-rank analysis of
patient overall survival in MSLN high and low group, log-rank P ¼ .014, HR (high) ¼ 1.4. Model of metformin functions on ovarian cancer.
Metformin treatment in SKOV3 cells caused a reduction in MSLN protein expression and then inhibited IL-6 expression and STAT3
activation, which led to a reduction in TGFb1 expression, consequently, stemness. and angiogenesis were inhibited.
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mesothelin (MSLN) expression, downregulated IL-6/

STAT3 signaling activity, and the anti-cancer effects of met-

formin is largely dependent upon STAT3 regulation, sug-

gested that metformin may function as a promising drug

that targeting STAT3 on ovarian cancer therapy.

MSLN is a cell-surface glycoprotein present on mesothe-

lial cells and also many cancers, such as malignant mesothe-

lioma, pancreatic cancer, ovarian cancer, and lung

adenocarcinoma, and high expression of MSLN is generally

associated with an unfavorable prognosis16,19–22,35. Previous

studies on MSLN were limited in the tumor marker identi-

fication field, however, the exact function of MLSN on ovar-

ian cancer remains unclear. In the present study, our results

demonstrated that MSLN was higher expressed in ovarian

cancer, and varied in different stages, and high mRNA

expression of MSLN was associated with shorter overall

survival. In vitro, we found that SKOV3 cell viability and

cell migration were strikingly suppressed by MSLN knock-

out. Our data strongly suggested that MSLN functions as a

tumor-promoting factor in ovarian cancer.

Studies have shown that MSLN possesses an important

promoting function on constitutive activation of the tran-

scription factor Stat3 and MSLN overexpression cancer cells

were found producing increased IL-615,23,25. In addition,

metformin was found to target Stat3 to inhibit cell growth

and induce apoptosis in cancer cells7,26–28. Our study also

showed that metformin treatment resulted in a significant

decrease in MSLN expression, and its downregulation is

accompanied by a decrease in IL-6 expression and low

STAT3 activity. More importantly, we found that, in control

cells, metformin remarkably suppressed MSLN expression

and IL-6/STAT3 signaling, while metformin treatment has

no effect on IL-6/STAT3 signaling in MSLN knock out cell

line, indicated that metformin function on inhibiting IL-6/

STAT3 signaling via MSLN regulation. Our results sug-

gested a working model by which metformin functions as

an ovarian cancer inhibitor through down-regulated MSLN

expression. Then, MSLN reduction in turn inhibits IL6/

STAT3 signaling and TGFb expression, which at last sup-

pressed ovarian cancer cells growth, migration, stemness.

and angiogenesis (Fig. 5F). It has been reported that the

IL-6/STAT3 signaling pathway stimulates cell proliferation

and migration, and protects tumor cells against drug-induced

apoptosis36–40. The inhibition of STAT3 has been shown to

decrease the lung metastasis rate and prolong the survival of

these mice41. Therefore, the inhibitory effect of metformin

on the IL-6/STAT3 signaling pathway may prove crucial for

therapy in ovarian cancers.

Recently, in the context of epithelial-to-mesenchymal

transition or fibrosis, metformin was identified as a novel

TGFb suppressor7,12. For example, metformin attenuates

gefitinib-induced exacerbation of pulmonary fibrosis by

inhibition of the TGFb signaling pathway42. And, in cervical

carcinoma cells, metformin was reported to inhibit TGFb1-

induced EMT via PKM2 relative-mTOR/p70s6 k signaling

pathway7. In the present study, our data revealed that in

administration with 5 mM metformin, the expression of

TGFb1 and VEGF were detected dramatically down-

regulated, and a remarkable reduction of Smad-2 phosphor-

ylation was also observed. Our observation demonstrated

that metformin server as an inhibitor of TGFb1/Smad signal-

ing in ovarian cancer.

Conclusion

In summary, our findings support the use of metformin as an

anti-tumorigenic and antiangiogenic drug in ovarian cancer.

Furthermore, we also propose a novel mechanism by which

metformin resulted in downregulation of MSLN expression

in SKOV3 cells and subsequently repressed IL-6 expression,

STAT3 activation and TGFb1 expression to inhibit ovarian

cancer cell malignancy.
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