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Abstract
Leptin induces ovarian cancer cell invasion via overexpression of MMP7, MMP9, and upA. In addition, the key role of ERα 
in leptin-increased cell growth was indicated. However, the influence of ER on leptin-mediated cell invasion remains still 
unknown. The present study was designed to evaluate the E2-independent effect of ERα/β on leptin-mediated cell invasion 
and cell proliferation in ovarian cancer. We utilized SKOV3 cancer (expressing OB-Rb and ERα/β, insensitive to estrogen) 
and OVCAR3 (expressing OB-Rb) cell lines to show the involvement of ER in leptin-mediated effects in an E2-independent 
manner. MTT, BrdU, and BD matrigel invasion assays were applied to analyze cell growth, proliferation, and invasion. The 
siRNA approach was used to confirm the role of ERα/β in leptin effects. Moreover, western blotting and Real-time PCR 
were employed to detect the OB-Rb, ER, MMP9/7, and upA proteins and mRNAs. Leptin, in the absence of E2, increased 
ERα expression in SKOV3 cells, which was attenuated using knockdown of OB-Rb gene by siRNA. The effect of leptin on 
the cell growth was promoted in the presence of PPT, but not in the presence of DNP and E2, which was lost when OB-Rb 
siRNA was transfected. Furthermore, ERα gene silencing and/or pre-incubation with ER antagonist (ICI 182,780, 10 nM) 
significantly reduced cell invasion and MMP9 expression stimulated by leptin. In conclusion, our findings demonstrated 
that ERα, but not ERβ, is involved in leptin-induced ovarian cancer in an E2-independent manner, providing new evidence 
for cancer progression in obesity-associated ovarian cancer.
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Introduction

Obesity has been assumed as one of the most common health 
challenges in both developed and developing countries [1]. 
According to the world health organization (WHO) report in 
2016, more than 1.9 billion adults aged 15 years and above 
were overweight and of these over 650 million were obese 
[2]. Obesity is a well-established risk factor for a number 
of cancers particularly those known as hormone-dependent 
such as breast [3], endometrial [4], and ovarian [5] cancers. 
Obesity can lead to changes in the secretion of adipocyte-
derived hormones such as leptin and it was revealed that 
serum leptin level is significantly higher in obese indi-
viduals compared to healthy subjects [6, 7]. Leptin is an 
important adipokine secreted by adipocytes that plays a key 
role in energy homeostasis balance and in the regulation 
of food intake through binding to its transmembrane recep-
tors (OB-Rb) [8, 9]. Previous studies have shown mitogenic 
and anti-apoptotic effects of leptin in different cancers [7, 
10]. Moreover, leptin influences cell migration and invasion 
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which are critical steps in tumor metastasis and cancer pro-
gression [11]. Ovarian cancer is the fifth leading cause of 
cancer-related deaths among women [12, 13]. The majority 
of ovarian cancer patients have already reached in advanced 
stage (III or IV) accompanied by widely metastatic disease 
largely due to the lack of early detection methods [14, 15]. 
Previous investigations have indicated a positive association 
between serum leptin levels and ovarian cancer [16, 17]. 
Our previous studies and the others have demonstrated that 
leptin induces cell migration and invasion of ovarian cancer 
cells [17–20].

Estrogen (E2) enhances different steps of cancer progres-
sion in epithelial ovarian cancer [21]. The biological effects 
of E2 are mediated via binding to the two forms of estro-
gen receptors (ERs), including alpha (ERα) and beta (ERβ) 
[22]. Ovaries express both ER-α and ER-β [23], which have 
tumorigenic and anti-tumorigenic influences, respectively 
[24–26]. The studies have shown higher expression levels of 
ERα in ovarian malignancies compared with benign tumors 
and normal tissues [27–29]. In addition, it was reported that 
ERβ is expressed in ovarian normal and non-metastatic tis-
sues [29–31]. Leptin induces ERα activation through the 
MAPK signaling pathway, even in the absence of E2 [32]. 
Leptin also induces the activation of aromatase enzyme, 
which converts androgens into estrogens [33]. It was dem-
onstrated that leptin can crosstalk with E2 and its receptors 
in gynecological cancers [33–38]. Moreover, leptin-induced 
cell growth was attenuated by ER antagonist, ICI, in MCF7 
breast cancer cell line [32, 39].

In ovarian cancer, the involvement of ERα in leptin-medi-
ated cell growth was observed [29], however, its contribution 
in the stimulation of cell migration and invasion by leptin 
remains unclear. In the present study, it was investigated 
whether ER plays a crucial role in leptin-induced cell inva-
sion in ovarian cancer cells. In addition, the E2-independent 
roles of ER in leptin-induced activation in SKOV3 which is 
ER-positive and E2-insensitive [27, 40] and also OVCAR3 
which is not express ER are evaluated [29].

Materials and methods

Materials

RPMI, FBS, and other growth supplements were purchased 
from Gibco (Germany). Recombinant human leptin was 
obtained from R&D Systems (Minneapolis, MN, USA). ICI 
182,780, an antagonist of ERα/β, as well as 1,3,5-Tris(4-
hydroxyphenyl)-4-propyl-1H-pyrazole (PPT), a specific 
ERα agonist, and 2,3-bis(4-hydroxyphenyl)-propionitrile 
(DNP), a highly potent ERβ agonist, were purchased from 
Tocris Bioscience (Bristol, United Kingdom). Goat anti-
mouse IgG-HRP: sc-2005, monoclonal antibodies against 

ERα: sc-73479, ERβ: sc-53494, Matrix metalloprotein-
ase-9 (MMP9): sc-393859, and B-actin (C4): sc-47778 
were obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA). Anti-Human OB-R Antibody: MAB867 was purchased 
from R&D Systems. Also, small interfering RNA (siRNA) 
(sc-36115) and siRNA transfection reagents were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture and treatments

Ovarian cancer cell lines were purchased from National 
Cell Bank of Iran (NCBI, Pasteur Institute of Iran). SKOV3 
and OVCAR3 cells were cultured in RPMI-1640 medium 
supplemented with 10% FBS, 100 U/ml penicillin G, and 
100 μg/ml streptomycin in a humidified incubator with 95% 
air and 5% CO2 at 37 °C. The confluent cells were harvested 
by trypsinization, collected by centrifugation, and were 
treated with leptin (100 ng/ml). To evaluate whether ERs are 
contributed in leptin-mediated cell proliferation and invasion 
in ovarian cancer cells in E2-independent manner, cells were 
pretreated with ER antagonist (ICI 182,780, 10 nM), DNP 
(1 µM), PPT (1 µM), E2 (10−7 M), or transfected by siRNA 
molecule target to ER, and their effects were determined in 
the presence of leptin.

MTT assay

The effect of leptin on cell growth was analyzed using the 
MTT assay as described previously [18]. The OVCAR3 and 
SKOV3 cells were cultured with 5 × 103 cells/well density 
in 96-well plates containing RPMI medium with 10% FBS 
and incubated overnight. After incubation with determined 
treatments for 48 h, MTT tetrazolium salt (50 µl, of 2 mg/ml) 
was added to each well and the cells were incubated at 37 °C 
for 4 h. Subsequently, the mediums were removed, the pro-
duced Formosan crystals in the viable cells were dissolved 
in DMSO, and the optical density of samples measured at 
570 nm. The cell viability percentage was calculated using 
the following formula: (mean OD of treated group/mean OD 
of non-treated group × 100).

BrdU assay

Cell proliferation was evaluated by colorimetric immunoas-
say based on bromodeoxyuridine (BrdU) according to the 
manufacturer’s instructions (Roche, Mannheim, Germany). 
Briefly, 5 × 103 cells per well were cultured in 96-well 
plates in complete medium for 24 h. SKOV3 and OVCAR3 
cells were incubated with leptin in the presence or absence 
of DNP, PPT, ICI 182,780, and E2 for 48 h. The growth 
medium then was supplemented with BrdU-labeling solution 
(20 μl) and cells were incubated for an additional 4 h. Sub-
sequently, the culture medium was replaced with Fixodent 
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solution and samples were incubated with peroxidase-con-
jugated anti-BrdU antibody for 90 min. After removing the 
unbound anti-BrdU-POD, substrate solution was added to 
medium and color reaction was stopped with sulfuric acid 
addition after 3–5 min. Sample absorbance was detected at 
450 nm using a spectrophotometric plate reader.

Matrigel invasion assay

Ovarian cancer cell invasion was measured by an inva-
sion assay kit with Matrigel-coated inserts (8  μm, BD 
Biosciences, San Jose, CA, USA) according to the manu-
facturer’s instructions. In Brief, SKOV3 or OVCAR3 cells 
(2 × 105 cells per insert) were placed in upper chambers in 
serum-free medium and the RPMI medium containing 10% 
FBS was used as the chemoattractant in the lower cham-
bers. The cells were pretreated with ICI 182,780 or MMP9 
inhibitor for 60 min before leptin treatment. In another set 
of experiment, cells were transfected with ERα/β siRNA 
or incubated with E2, and then cell invasion was measured 
in the presence of leptin. After 24-h incubation with treat-
ments, non-invading cells remaining on the outer side of fil-
ters were gently removed with a cotton swab. Invading cells 
on the bottom of filters were fixed in methanol, washed three 
times with PBS, stained with 1% crystal violent, and counted 
on six different random fields under a light microscope at 
× 400 magnification.

Real‑time RT‑PCR experiments

The mRNA expression levels of OB-Rb, ERα, ERβ, MMP9, 
MMP7, and urokinase-type plasminogen activator (upA) 
were determined using Quantitative Real-Time RT-PCR. In 
brief, total RNA was extracted from SKOV3 and OVCAR3 
cells using with the Trizol reagent (Invitrogen, USA). A 
first-strand cDNA synthesis kit (Takara Shuzo, Otsu, Japan) 
was used to synthesize cDNA from total RNA (2 μg). The 
amplified cDNA was used as the template for Quantitative 
RT-PCR using the SYBR Green kit (Amplicon). Reactions 
were performed in 96-well plates on an ABI 7500 sequence 
detection system (Applied Bio-systems) for 40 cycles using 
the following conditions: denaturation at 95 °C for 15 min, 

annealing at 57 °C for 5 s, and elongation at 72 °C for 5 s. 
Amplification specificity of PCR reactions was confirmed 
by melting point curve generated at the end of each run. 
Finally, ΔCt was calculated for target genes, and GAPDH as 
the endogenous housekeeping gene and 2−ΔΔCt analysis was 
used to quantify relative gene expression. The primers used 
for Real-Time RT-PCR were indicated in Table 1.

SiRNA‑mediated knockdown of ER

OB-Rb, ERα, ERβ siRNA, and a scrambled siRNA con-
taining a random sequence were transfected into OVCAR-3 
and SKOV3 cells using a siRNA transfection reagent (Santa 
Cruz Biotechnology) as explained previously [18]. Cells 
were cultured in six-well plates and transfected with a pool 
of siRNA at a final concentration of 40 nM. Finally, the 
transfected cells were incubated with determined treatments 
for 24 h and used for MTT, BrdU, Matrigel invasion assay, 
Real-time PCR, and western blotting analysis.

Western blotting

Protein contents of ERα, ERβ, and MMP9 were measured 
using western blot analysis. To quantify protein expression 
levels of ERα, ERβ, and MMP9, western blot analysis was 
performed. After incubation with determined treatments, 
total protein from each experiment was extracted using ice-
cold RIPA buffer (20 mM Tris–HCl pH 7.5, 0.5%, Nonidet 
P-40, 0.5 mM PMSF, 100 mM β-glycerol 3-phosphate, and 
0.5% protease inhibitor cocktail). The samples were incu-
bated on ice for 2 h with gentle vortexing every 15 min, 
centrifuged at 10,000×g for 10 min at 4 °C, and then the 
supernatant was served as the cytosolic extracts. Total pro-
tein content in the cytosolic extract was obtained with Brad-
ford reagent assay, and protein concentration was analyzed 
using the linear equation generated from the protein stand-
ard curve. Same amounts of lysate were loaded into 10% 
SDS-PAGE gels, and separated proteins were transferred to 
a PVDF membrane (Amersham Pharmacia Biotech.). Block-
ing of membranes was performed in PBS containing 5% 
non-fat dry milk and 0.1% Tween 20. PVDF membranes 
were incubated with primary antibodies against ERα, ERβ, 

Table 1   Sequences of the 
primers used for the analysis of 
mRNA gene expression

Gene name Forward primer Revers primer

OB-Rb 5′-TGA​GGT​ATC​ATA​GGA​GCA​GCC-3′ 5′-TGT​TGG​TGG​AGA​GTC​AAG​TGA-3′
MMP9 5′-CCG​GAC​CAA​GGA​TAC​AGT​T-3′ 5′-CGG​CAC​TGA​GGA​ATG​ATC​TA-3′
MMP7 5′-GTC​TCT​GGA​CGG​CAG​CTA​TG-3′ 5′-GAT​AGT​CCT​GAG​CCT​GTT​CCC-3′
uPA 5′- GTC​CTC​CGG​ATT​CCA​TCC​AC -3′ 5′-GAT​AGT​CCT​GAG​CCT​GTT​CCC-3′
ERα 5′-AGC​ACC​CTG​AAG​TCT​CTG​GA-3′ 5′-GAT​GTG​GGA​GAG​GAT​GAG​GA-3′
ERβ 5′-CAG​TTA​TCA​CAT​CTG​TAT​GCGG-3′ 5′-ACT​CCA​TAG​TGA​TAT​CCC​GA-3′
GAPDH 5′-CTC​CCG​CTT​CGC​TCT​CTG​ -3′ 5′-TCC​GTT​GAC​TCC​GAC​CTT​C -3
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or MMP9 overnight at 4 °C. Following washing with 10 ml 
PBST (three times, every 10 min), blots were treated with 
diluted horseradish peroxidase-conjugated secondary anti-
body (1:2000) for 60 min. The reactive signals of the target 
proteins were detected with ECL detection kit (Amersham 
Corp, Arlington Heights, IL, USA). The band intensity was 
analyzed using Image J software (http://image​j.nih.gov/ij/). 
The expressions of ERα, ERβ, and MMP9 were normal-
ized to endogenous controls before the differences relative 
to non-treated samples were calculated.

Statistical analysis

All experiments were carried out in triplicate, and values are 
reported as the mean ± SD of three separate experiments. 
Data were analyzed using a Non-parametric one-way analy-
sis of variance (ANOVA) followed by Dunnett’s test with the 
statistical program SPSS 18.0. A p value < 0.05 was consid-
ered statistically significant.

Results

Leptin promoted ERα expression in SKOV3 cells

Both mRNA and protein levels of ERα and ERβ were meas-
ured in SKOV3 and OVCAR3 ovarian cancer cell lines. The 
results of western blot demonstrated that SKOV3 express a 

higher level of ERα than ERβ, while OVCAR3 cells express 
the slight level of both ERα and ERβ (Fig. 1a). We next 
evaluated the effect of leptin on the ERα and ERβ expres-
sions of ovarian cancer cells after 24-h treatment using Real-
time PCR. As shown in Fig. 1b, the effect of 50 and 100 ng/
ml leptin on the mRNA expression of ERα, but not ERβ, 
was markedly higher in SKOV3 cells than untreated cells 
(2.8 ± 0.9 fold for 50 ng/ml, and 4.6 ± 1.01 fold for 100 ng/
ml vs. control, respectively; p < 0.01). The exposure to leptin 
showed no significant inductive effects on ERα and ERβ 
mRNA expressions in OVCAR3 cells.

In another set of experiment, we performed western 
blotting for ERα and β in SKOV3 and OVCAR3 cells in 
the presence or absence of leptin (100 ng/ml). In consist-
ent with Real-time PCR results, the findings of western 
blotting (Fig. 1c, d) also showed that treatment with leptin 
increased the protein expression of ERα in SKOV3 cell line 
(4.03 ± 0.45 fold vs. control, p < 0.01). These results indi-
cated that leptin enhances mRNA and protein expression of 
ERα in SKOV3 cells.

OB‑Rb gene silencing inhibited leptin‑induced ERα 
expression in SKOV3 cells

Both SKOV3 and OVCAR3 cells were transfected with 
OB-Rb siRNA (40 nM) or scrambled control siRNA, and 
expressions of ERα and ERβ were then measured in the 
presence or in the absence of 100 ng/ml leptin. As shown 

Fig. 1   Leptin promoted the ER expression in ovarian cancer cell 
lines: a total protein was extracted from SKOV3 and OVCAR3 cells, 
and equal amounts of proteins were analyzed with western blotting 
using specific antibodies for ERα and ERβ. b Cells were incubated 
with various concentrations of leptin (0, 10, 50, 100 ng/ml) for 24 h, 
total RNA was collected, and mRNA gene expression was measured 
by Real-time PCR. GAPDH was applied as an endogenous control 

and 2−ΔΔCt method was used for quantitation of data. c SKOV3 cells 
were treated with 100 ng/ml of leptin for 24 h, and subsequently the 
expression of ERα/β was evaluated using western blotting. d The his-
togram represents the quantitative analysis of ER protein expression, 
which was normalized for Nucleolin expression. The values represent 
the mean ± SD (n = 3). Statistical analysis was performed by ANOVA 
(**p < 0.01 vs. control)

http://imagej.nih.gov/ij/
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in Fig. 2a, the OB-Rb gene silencing markedly attenuated 
stimulative influence of leptin on mRNA expression of ERα 
(leptin: 4.6 ± 1.01 fold; leptin + ERα siRNA: 2.8 ± 0.4 fold; 
vs. control; p < 0.01) in SKOV3, but not in OVCAR3, cells. 
No significant change was observed in expression of ERβ 
in response to leptin in both cell lines. The effect of OB-Rb 
gene silencing on ERα expression was confirmed by west-
ern blotting (leptin: 4.1 ± 5.8 fold; leptin + ERα siRNA: 
2.38. ± 0.2 fold; vs. control; p < 0.01) in SKOV3 (Fig. 2b). 
These results demonstrated that OB-Rb is directly involved 
in leptin‑induced ERα expression of SKOV3 cells.

ERα is involved in leptin‑mediated cell growth 
of SKOV3 cells

To investigate whether ER has an essential role in stimu-
lative effects of leptin on ovarian cancer cell growth, the 
cells were pretreated with a specific inhibitor of ER (ICI 
182,780) for 60 min, and subsequently stimulated with leptin 
for 48 h. MTT results (Fig. 3a, b) demonstrated that pretreat-
ment with ICI 182,780 markedly blocked the leptin-induced 
cell growth in SKOV3 (leptin: 173 ± 6.6%; leptin + ICI 
182,780:145 ± 9%; vs. control; p < 0.05 and p < 0.01, respec-
tively), but not in OVCAR3 cells, suggesting the key role 
of ER in leptin-induced effects in ER expressing cell line.

In the separate experiment, cells were pretreated with 
PPT and DNP for 1 h before leptin treatment. As depicted in 
Fig. 3a, b, although a significant increase in leptin-mediated 
cell growth was observed in the presence of PPT in SKOV3 
cells (leptin + PPT: 195.3 ± 3.5%; alone leptin: 173 ± 6.6; 
vs. control; p < 0.05), no significant enhance was observed 

in the presence of DNP. Cell transfection with OB-Rb 
siRNA significantly reduced leptin-induced cell growth in 
SKOV3 cells (leptin: 173 ± 6.6%; leptin + OB-Rb siRNA: 
123.3 ± 5.5; vs. control; p < 0.05) and in OVCAR3 (leptin: 
170 ± 10; leptin + OB-Rb siRNA: 130.5 ± 6.5; vs control; 
p < 0.05), while cell transfection with scrambled siRNA 
showed no change in leptin-enhanced growth of ovarian can-
cer cells (% cell growth in leptin + scrambled siRNA experi-
ment, in SKOV3: 170.9 ± 7.4; in OVCAR3: 171 ± 9; vs. con-
trol). The inductive effect of PPT on leptin influence was 
attenuated by gene silencing of both OB-Rb (leptin + PPT: 
195.3 ± 3.5%; leptin + PPT + OB-Rb siRNA: 136 ± 12% vs. 
control; p < 0.01) and ERα (leptin + PPT: 195.3 ± 3.5%; 
leptin + PPT + ERα siRNA: 149 ± 8% vs. control; p < 0.01). 
Pretreatment with either ERα or ER β agonists did not show 
any significant effects on cell growth in OVCAR3 cells.

To show the E2-independent contribution of ERα on 
leptin-mediated cell proliferation and growth, the cells 
were treated with leptin (100  ng/ml), E2 (10−7  M) or 
both for 48 h and the cell growth and proliferation were 
detected. As depicted in Fig. 3, no inductive effect was 
observed on leptin-induced cell growth of SKOV3 and 
OVCAR3 in the presence of E2. Moreover, the involve-
ment of ERα in leptin influences was confirmed using 
BrdU assay (Fig. 3c, d). Taken together, given that treat-
ment with E2 did not exhibit additional effects on leptin-
induced cell growth, while using antagonists, agonist, and 
siRNA against ERα significantly changed these processes 
induced by leptin, it can be concluded that ERα, independ-
ent of E2, is contributed in leptin-induced effects.

Fig. 2   Knockdown of OB-Rb by siRNA decreased mRNA and 
protein expressions of ERα induced by leptin treatment: ovar-
ian cells were transfected with a scrambles sequence and OB-Rb 
siRNA (40  nM) for 72  h and incubated with leptin (100  ng/ml) for 
24  h. mRNA and protein were extracted from transfected cells and 
subjected to Real-time PCR and western blotting. a The histogram 

represents the quantitative analysis of mRNA expression of ERα in 
the presence and/or absence of leptin. Values were normalized by 
GAPDH. b The protein levels of ERα in cell lysates were detected 
using specific antibodies. The data represent the mean ± SD (n = 3). 
Statistical analysis was performed by ANOVA (**p < 0.01 vs. non-
treated control; ##p < 0.01 vs. leptin/scramble treatment)
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ERα is involved in leptin‑induced cell invasion 
in SKOV3 cells

To analyze whether ER plays a pivotal role in leptin-medi-
ated cell invasion in ovarian cancer, the cells were pre-incu-
bated with ICI 182,780, and cell invasion was then analyzed 
in the presence of leptin using Matrigel invasion assay. Cell 
treatment with leptin enhanced cell invasion in SKOV3 cells 
(leptin: 4.9 ± 0.3 fold vs. control; p < 0.01), whereas 60-min 
pre-incubation with ICI 182,780 decreased the stimula-
tive effect of leptin in ovarian cancer cell invasion (leptin: 
4.9 ± 0.3 fold; leptin + ICI 182,780: 2.4 ± 0.6 fold; p < 0.01). 
In the OVCAR3 cells, although leptin promoted cell inva-
sion, no significant decrease was observed in leptin-induced 
cell invasion in the presence of ICI 182,780 (Fig. 4a, b).

For further investigation of the effects of ERα or ERβ 
on leptin-mediated cell invasion, we evaluated the effect of 
ERα or ERβ gene silencing on the invasive effect of leptin 
in SKOV3 cells. As shown in Fig. 5a, b, cell transfection 
with siRNA targeting ERα leads to a significant reduction 
in cell invasion mediated by leptin (leptin: 4.9 ± 0.3 fold; 
leptin + ERα siRNA: 2.5 ± 0.6 fold; p < 0.01), whereas this 
influence was not detected in ERβ-siRNA or scrambled 
siRNA-transfected cells, demonstrating the crucial role of 
ERα, but not ERβ, in leptin-dependent ovarian cancer cell 
invasion. As observed in Fig. 5a, b, co-treatment with E2 
(10−7 M) did not impact on leptin-mediated cell invasion in 
SKOV3 cells, suggesting the key role of ER in leptin impact 

in an E2-independent manner. These results indicated that 
ER is involved in leptin-promoted cell invasion in E2-insen-
sitive ovarian cancer cell line.

ERα gene knockdown inhibited the stimulative 
effects of leptin on MMP9 expressions in SKOV3 cells

Previously, we demonstrated that upA, MMP7, and MMP9 
overexpressions are contributed in leptin-mediated cell pro-
gression of ovarian cancer cells. To examine whether ERα 
is involved in overexpression of these proteins by leptin, we 
analyzed the effect of ERα gene silencing on the mRNA 
expression of them after stimulation by leptin. Real-time 
PCR results demonstrated that the transfection with siRNA 
targeting ERα gene, but not scrambled gene, had an inhibi-
tory effect on leptin-induced expression of MMP9 (leptin: 
8.8 ± 1 fold; leptin + ERα siRNA: 4.7 ± 0.4 fold; p < 0.01), 
but not on MMP7 and upA (Fig. 6a–c). In a separate experi-
ment, the inhibitory effect of ERα gene silencing on leptin-
mediated MMP9 overexpression was confirmed by west-
ern blotting (leptin: 6.6 ± 0.35 fold; leptin + ERα siRNA: 
3.43 ± 0.37 fold; p < 0.01) (Fig. 6d). In addition, we con-
firmed MMP9 is contributed in leptin-mediated cell inva-
sion by using Matrigel invasion assay. As shown in Fig. 6e, 
pretreatment with MMP9 inhibitor (Abcam, ab142180) sig-
nificantly reduced the effect of leptin on cell invasion. These 
results suggest that ERα is involved in leptin-induced cell 
invasion by increasing MMP9 expression.

Fig. 3   ERα is involved in leptin-induced cell growth of SKOV3 
cells in an E2-independent manner: SKOV3 and OVCAR3 cells 
were incubated with indicated treatments for 48  h, and cell growth 
was analyzed by MTT assay (a, b) and Brdu assay (c, d). Results 

(mean ± SD) were calculated as the percentage of corresponding 
control values (n = 3). Statistical analysis was performed by ANOVA 
(**p < 0.01 vs. non-treated control; ##p < 0.01 vs. leptin treatment; 
+p < 0.05 vs. leptin/PPT treatment)
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Discussion

Obesity drives cancer progression by several mechanisms 
including alterations in leptin regulation [6, 7]. In this 

regard, several studies reported that leptin induces cell 
growth, proliferation, migration, and invasion in different 
cancer cell types [7, 10, 11]. In ovarian cancer, it was dem-
onstrated that increased serum leptin levels promote cancer 

Fig. 4   Pretreatment with ICI 182,780 attenuated the effect of leptin 
on cell invasion of SKOV3 cells. a 1 × 105 cells were cultured in the 
upper chamber of Transwell inserts. Before 24-h incubation with lep-
tin (100 ng/ml), SKOV3 and OVCAR3 cells were pre-incubated with 
ICI 182,780 (ER antagonist) for 60 min. b The histogram represents 
the quantitative analysis of the invaded cells. Cell invasion was cal-

culated by counting the invaded cells in six randomly selected fields 
within each membrane; the values were averaged and presented as 
fold of control. All data shown were expressed as mean ± SD (n = 3). 
Statistical analysis was performed by ANOVA (**p < 0.01 vs. non-
treated control; ##p < 0.01 vs. leptin treatment)

Fig. 5   ERα gene silencing blocked leptin-mediated cell invasion 
in SKOV3 cells. a 1 × 105 of siRNA-transfected cells and non-
transfected cells were seeded in Transwell inserts, incubated with 
indicated treatment for 24  h and cell invasion was measured using 
Matrigel invasion assay as indicated. b The values represent an aver-

age of invaded cells in six randomly selected fields, which presented 
as fold of control. All data shown were expressed as mean ± SD 
(n = 3). Statistical analysis was performed by ANOVA (**p < 0.01 vs. 
non-treated control; ##p < 0.01 vs. leptin treatment)
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development and progression through OB-Rb signaling 
pathways [17]. However, the exact molecular mechanisms 
underlying the response to leptin are still poorly known. In 
this investigation, we focused on the contribution of ERα/β 
in leptin-induced cell invasion in ovarian cancer cell lines. 
Previously, we reported that leptin induces cell invasion and 
migration in SKOV3 and OVCAR3 cells, but these effects 
were not observed in CaoV-3 cells which do not express 
OB-Rb [18, 19]. Previous investigations have also demon-
strated that a leptin/OB-Rb axis may crosstalk with the ER 
and promote tumor development and cancer progression [32, 
34, 36]. Therefore, we hypothesized that ERα/β are involved 
in leptin-mediated effect in ovarian cancer. The data pre-
sented here show that ERα, but not ERβ, as well as MMP9 
overexpression have an essential role in the leptin-mediated 
cell proliferation and invasion in a ligand-independent man-
ner in ovarian cancer.

Apart from E2, it was indicated that some factors, includ-
ing growth factors [41] and leptin [32, 33] may also induce 
ER activation. In addition, leptin overexpressed ERα in the 
absence of E2 in BG-1, an E2-sensitive ovarian cancer cell 
line. In our experiment, we observed an increased expres-
sion of ERα in response to different concentrations of lep-
tin in SKOV3, an E2-insensitive ovarian cancer cell line. 
Furthermore, we observed blocking of OB-Rb expression 
using siRNA attenuated leptin-induced ERα expression in 
SKOV3 cells, confirming a directional crosstalk between 
leptin/OB-Rb axis and ERα in ovarian cancer. In this line, 
the inductive influence of leptin and the inhibitory effect of 

OB-Rb blocking on ERα expression were reported in ER-
positive breast cancer cell lines [34, 42–45]. In addition, 
increased level of ERα expression was detected following 
treatment with leptin in ovarian cancer [29], prostate cancer 
[46], and ATDC5 cells [47, 48]. In vivo studies on endo-
metrial carcinoma [38] and breast cancer [49] also dem-
onstrated a positive correlation between OB-Rb expression 
and ER status. In contrast with these results, Shen et al. 
reported that leptin has no significant effect on ERα expres-
sion, whereas ERβ expression is markedly increased in lep-
tin-incubated HepG2 cells compared to non-treated control 
cells [50].

Previously, Chen et al. reported an increase in cell growth 
following treatment with ERα agonist (PPT) in SKOV3 and 
OV2008 ovarian cancer cells [51]. On the other hand, Choi 
et al. revealed the contribution of ERα pathway in leptin-
mediated cell growth in ovarian cancer cells [29]. In the 
present study, we found that blocking of ERα or OB-Rb 
significantly decreased leptin-promoted cell growth and pro-
liferation in SKOV3 cells. In addition, an increase in leptin-
mediated cell growth and proliferation was observed after 
treatment with PPT, but not DNP, which was decreased after 
OB-Rb gene silencing by siRNA. These findings confirmed 
that the crosstalk between ERα and OB-Rb is involved in 
cell growth and proliferation that was increased following 
treatment with leptin. In this line, Fusco et al. demonstrated 
a crosstalk between OB-Rb and ERα, which plays a key role 
in leptin-mediated cell proliferation in breast cancer cells 
[34]. In another study, it was indicated that ERα is involved 

Fig. 6   The ERα is contributed in a leptin-mediated increase of 
MMP9 expression in SKOV3 cells. a Cells were transfected with 
ERα siRNA (40  nM), transfected cells were treated with leptin 
(100 ng/ml) for 24 h, total RNA was extracted, and then the mRNA 
expressions of the MMP7, MMP9, and upA were measured using 
Real-time PCR. b After transfection with siRNA, the cells were 
treated with leptin (100 ng/ml), total protein was extracted, and pro-
tein expression of MMP9 was detected by western blotting. The his-

togram represents the quantitative analysis of MMP9 protein expres-
sion, which was normalized for B-actin expression. c SKOV3 cells 
were pretreated with MMP9 inhibitor for 60  min before 24-h treat-
ment with leptin and then cell invasion was analyzed using Matrigel 
invasion assay. All data shown were expressed as mean ± SD (n = 3). 
Statistical analysis was performed by ANOVA (**p < 0.01 vs. control. 
##p < 0.05 vs. leptin)
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in cell proliferation induced by leptin through autophagy 
indication [43]. Moreover, leptin-promoted proliferative 
influence in prostate cancer was attributed to up-regulation 
of ERα, aromatase, and cytochrome P450 1B1 (CYP1B1) 
enzymes [46].

The clinical significance of ER subtypes and variants in 
ovarian cancer cell invasion was revealed [52, 53]. Recently, 
Haque et al. reported that leptin induces cancer cell invasion 
in ERα-positive cell lines, but not ERα-negative breast can-
cer cells [44]. In another study, it was also revealed that lep-
tin produced by obese adipose stromal/stem cells (obASCs) 
markedly increases the expression of EMT and metastasis 
genes in ER+ breast cancer cells [45].

Using ER antagonist and knockdown of ERα by siRNA, 
for the first time, we revealed a pivotal role of ERα in the 
leptin-induced cell invasion in ovarian cancer cells. Our find-
ings also demonstrated that cell treatment with E2 showed 
no significant influence on both cell proliferation and cell 
invasion promoted by leptin in SKOV3 cells, indicating the 
E2-independent role of ERα in leptin effect. In our previous 
studies, we demonstrated that MMP7, MMP9, and upA play 
key roles in leptin-promoted cancer progression in SKOV3 
ovarian cancer cells [18, 19]. Accordingly, we examined the 
role of ERα in overexpression of these proteins by leptin 
in SKOV3 cells. No significant reduction was detected in 
the leptin-mediated expressions of MMP7 and upA after 
knockdown of ERα by siRNA. However, ERα gene silenc-
ing markedly reduced the expression of MMP9 induced 
by leptin. In addition, our results showed that inhibition of 
MMP9 significantly reduced leptin-mediated cell invasion 
of SKOV3 cells, suggesting that ERα has an important role 
in leptin-promoted cell invasion in ovarian cancer cells by 
affecting MMP9.

Conclusion

Briefly, in the present study, we revealed a crosstalk between 
leptin/OB-Rb axis and ERα for cancer growth, and con-
firmed the E2-independent effect of ERα in leptin-promoted 
cell growth in ovarian cancer cells. We also demonstrated 
that ERα is involved in leptin-mediated cell invasion 
and MMP9 expression of ovarian cancer cell line. Taken 
together, these results provide a new mechanism for leptin-
induced cancer cell progression in ovarian cancer.
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