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Abstract: Ergosterol peroxide (EP), a sterol derived from medicinal mushrooms, has been 

reported to exert antitumor activity in several tumor types. However, the role of EP toward 

ovarian cancer cells has not been investigated. In this study, we analyzed the cytotoxicity of 

EP in various cell lines representing high-grade serous ovarian cancer and low-grade serous 

ovarian cancer, respectively. Although EP showed no significant inhibition of the viability of 

normal ovarian surface epithelial cells, it impaired the proliferation and invasion capacities of 

tumor cells in a dose-dependent manner. We further figured out key modulators involved in 

its antitumor effects by quantitative reverse transcription polymerase chain reaction, ELISA, 

and Western blot. The nuclear β-catenin was down-regulated upon EP treatment, subsequently 

reducing the Cyclin D1 and c-Myc expression levels. Meanwhile, the protein level of protein 

tyrosine phosphatase SHP2 was up-regulated in EP treated cells, whereas Src kinase activity 

was inhibited. Both activation of SHP2 phosphatase and inhibition of Src kinase decreased the 

phosphorylation level of transducer and activator of STAT3 protein, which was implicated 

in oncogenesis. On the other hand, EP remarkably inhibited the expression and secretion of 

VEGF-C, implying its involvement in counteracting tumor angiogenesis. Moreover, EP treat-

ment showed comparable cytotoxic effect with β-catenin knock-down or STAT3 inhibition. 

Taken together, our results demonstrated that EP showed antitumor effects toward ovarian 

cancer cells through both β-catenin and STAT3 signaling pathways, making it a promising 

candidate for drug development. 
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Introduction
Ovarian cancer is the most lethal gynecologic malignancy due to the advanced stage at 

the time of diagnosis for most patients.1 Up to now, surgical resection plus postoperative 

chemotherapy has been the most popular treatment.2 Among various chemotherapies, 

platinum combined with paclitaxel is now the first-line therapy for ovarian cancer.3 

However, a large number of patients may develop drug resistance, which is a major 

cause for the unsatisfactory disease prognosis.4 Therefore, increasing studies are focus-

ing on elucidating chemo-resistance mechanisms as well as developing novel agents.

Natural products have been recognized to have great potential in treating various 

diseases including cancer,5 and studies searching for active natural products are drawing 

more and more attention. Medicinal mushroom is a prime example of discovering natural 

products,6 with Ganoderma lucidum the most well-known one. Certain components from 

G. lucidum have been reported to be beneficial for treating inflammation and cancer.7–10 

Ergosterol peroxide (EP), a β-D-glucan metabolite, is an important component in G. 

lucidum as well as in other medicinal mushrooms. EP has been reported to possess 

potential antitumor activity toward various cancer types, including prostate cancer,11 
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colorectal cancer,12 hepatocellular cancer,13 and myeloma.14 

However, the effects of EP toward ovarian cancer cells have 

not been investigated.

In the current study, we initially examined the effects of 

EP toward different cell lines representing both high-grade 

serous ovarian cancer (HGSOC) and low-grade serous 

ovarian cancer (LGSOC), respectively. Our results demon-

strated that EP can significantly inhibit the proliferation and 

migration of ovarian cancer cells, while showing little effect 

on normal ovarian surface epithelial (OSE) cells. Further 

studies revealed that EP can induce at least two antitumor 

pathways in ovarian cancer cells, one is the β-catenin-c-Myc/

Cyclin D1 pathway and the other is SHP2/Src-STAT3-VEGF 

pathway. Our study provided evidence for the potency of EP 

in drug development targeting ovarian cancer.

Materials and methods
Reagents
Purified EP was purchased from ChemFaces (Wuhan, China). 

STAT3 inhibitor S3I-201 was purchased from Sigma-Aldrich 

Co. (St Louis, MO, USA). Presto Blue cell viability reagent 

and Lipofectamine® 2000 reagent were obtained from Thermo 

Fisher Scientific (Waltham, MA, USA). All the antibodies for 

Western blot were purchased from Santa Cruz Biotechnology 

Inc. (Dallas, TX, USA): β-catenin (sc-65480), SHP2 (sc-280), 

pT419-Src (sc-81521), Src (sc-130124), pS727-STAT3 

(sc-8001-R), STAT3 (sc-293151), β-actin (sc-58673). Primers 

for reverse transcription polymerase chain reaction (RT-PCR) 

were purchased from BGI (Beijing, China). Enzyme linked 

immunosorbent assay (ELISA) kit for VEGF-C was purchased 

from Thermo Fisher Scientific.

Cell culture
In this study, we collected OVCAR-3 and CAOV3 cells as 

study models representing HGSOC, and selected HOC-7 and 

MPSC-1 to represent LGSOC. In addition, we purchased OSE 

cells as control cells to verify whether EP has specific anti-

cancer activity or whether it would kill healthy cells. All the 

cells were obtained from Tumor Cell Bank Research Institute 

of the Chinese Academy of Medical Sciences. The cells were 

cultured in RPMI-1640 containing 10% (v/v) fetal bovine serum 

(FBS) with 10 μg/mL penicillin/streptomycin. All cells were 

incubated in a humidified atmosphere with 5% CO
2
 at 37°C 

and used for studies in the logarithmic phase of growth.

Cytotoxicity
Presto Blue® assay was used to assess cytotoxicity of EP 

on cells. Cells were seeded in 96-well plates at a density 

of 5,000 cells/well and cultured overnight for adhesion. 

The cells were then treated with different concentrations of 

EP (0, 12 μM, 25 μM, 50 μM, and 100 μM) for 48 h to test 

the dose response. 

For further cytotoxic analysis, 50 μM EP was chosen 

as the final treatment concentration. After incubating with 

EP for a designated period, Presto Blue reagent was added 

and the mixture was incubated for 3 h followed by fluores-

cence measurement by excitation at 535 nm and emission 

at 595 nm. One percent dimethyl sulphoxide (DMSO) was 

added into medium as negative control.

Scratch closure migration assay
The cell mobility was evaluated by scratch assays.15 Briefly, 

cells were grown to 80%–90% confluence in 10 mm2 tissue 

culture dishes, then medium was removed and a scratch was 

made at the middle of the dish with a 100 μL pipette tip. 

Then, the dishes were slightly washed and EGF containing 

medium with 50 μM EP or 1% DMSO was added. After 24 h 

incubation, cell migration was monitored under a microscope. 

The wound area covered by migrated cells was presented in 

percentage (%). 

Subcellular fractionation, protein 
collection, and Western blot
Cells were treated with or without EP for 16 h, then protein 

was collected. Briefly, cells were scratched and harvested by 

centrifugation at 1,000 rpm for 2 min at 4°C, then cells were 

lysed using ice-cold lysis buffer supplemented with protease 

inhibitors and phosphatase inhibitors. After centrifugation 

and disposal of the precipitate, proteins were denatured 

with 2% sodium dodecyl sulfate (SDS), electrophoretically 

resolved on 10% SDS-polyacrylamide gel electrophoresis 

gels, and transferred onto a nitrocellulose membrane. After 

blocking the non-specific binding sites with 5% bovine 

serum albumin, the membrane was probed with diluted 

primary antibodies (1:1,000) at 4°C overnight. Membranes 

were then washed and further incubated with the peroxidase-

conjugated secondary antibody (1:5,000 dilution) for 1 h at 

room temperature. The immune-bands were detected using 

the enhanced chemiluminescence reagents. The images were 

scanned and semi-quantified using Image J software.

To test nuclear β-catenin, subcellular fractionation was 

performed. Briefly, cells were collected and resuspended using 

hypotonic lysis buffer (10 mM HEPES/10 mM NaCl/1 mM 

KH
2
PO

4
/5 mM NaHCO

3
/1 mM CaCl

2
), then dounced to 

homogenize cells. Cell lysates were centrifuged at 1,500 rpm 

for 5 min. The pellet from the centrifugation was collected 

and washed twice and resuspended in nuclear extraction 

buffer (10 mM Tris, pH 7.5/300 mM sucrose/0.1% NP-40). 
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The pellet was also dounced 20 times to homogenize nucleus 

and then spun down. The pellet was finally resuspended with 

nuclear isolation buffer containing 1% Triton X-100 to gener-

ate the nuclear fraction. Western blot was used to evaluate the 

protein level of nucleus β-catenin as described previously.

VEGF-C quantification by ELISA
The expression and release of VEGF-C in cell culture medium 

was quantified by a specific VEGF-C ELISA kit. After being 

stimulated with EGF and further treated in the presence 

or absence of EP for 16 h, 1 mL of medium was collected 

and filtered with a 10 kD concentrator. The manufacturer’s 

protocol for ELISA (Thermo Fisher Scientific) was followed.16 

Samples were evaluated at OD 450 nm by a microplate 

reader. The fold changes of VEGF-C production between 

control group and EP-treated group were calculated.

Quantitative reverse transcription 
polymerase chain reaction (RT-qPCR)
After serum starvation for 24 h, the cells were stimulated with 

EGF for 16 h with or without EP treatment. Total RNA was 

extracted using TRIzol reagent (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. The RNA levels 

of Cyclin D1 and c-Myc were then analyzed by RT-qPCR. 

Briefly, reverse transcription was performed with 1 μg total 

RNA using high capacity cDNA-RT kit. Then the qPCRs 

were performed using TaqMan gene expression assay kit.17 

The primers were as follows:

Cyclin D1: 5′-GTC TTC CCG CTG GCC ATG AAC 

TAC-3′ and 5′-GGA AGC GTG TGA GGC GGT AGT 

AGG-3′;
c-Myc: 5′-CAA GAG GCG AAC ACA CAA CGT C-3′ 

and 5′-CTG TTC TCG TCG TTT CCG CAA C-3′;
β-actin: 5′-TCA TCA CCA TTG GCA ATG AG-3′ and 

5′-CAC TGT GTT GGC GTA CAG GT-3′.

Cell transfection
Cells were transfected with plasmids or siRNAs to confirm 

the involvement of β-catenin and STAT3 in EP-induced 

antitumor effects. The β-catenin-pcDNA3 (catalog no 16828) 

and STAT3-pcDNA3 (catalog no 74433) plasmids were both 

purchased from Addgene. The β-catenin-siRNA was ordered 

from Sigma-Aldrich Co. with the following sequence: 

5′-AGC UGA UAU UGA UGG ACA GdTdT-3′. All trans-

fection experiments were carried out with Lipofectamine 

2000 reagent following the manufacturer’s instructions.

Statistical analysis
Each experiment was independently conducted at least three 

times. Bars in all figures indicate the mean and the SD. 

Student’s t-test was performed to analyze statistical differ-

ences between the two groups; one-way ANOVA test was 

used to compare the differences among multiple groups. 

A P-value ,0.05 was considered statistically significant. 

Results
EP impairs proliferation and migration of 
ovarian cancer cells
To investigate the cytotoxicity of EP (Figure 1A) on ovarian 

cancer cells, we firstly evaluated the dose-response of EP 

toward different cell lines (Figure 1B). Although EP could 

inhibit the cell proliferation of all tested cell lines in a 

dose-dependent manner, CAOV3 cells showed the highest 

sensitivity while the other three cell lines needed a higher EP 

concentration (50 μM) to substantially inhibit cell viability. 

The different sensitivity to EP treatment reflects the promi-

nent gene heterogeneity of ovarian cancer.

We then performed time-dependent cell viability assay 

after treating the cells with 50 μM EP or 1% DMSO as 

control. Our results showed that EP had little effect on the 

Figure 1 Chemical structure of ergosterol peroxide (EP) and dose-response curve.
Notes: (A) Chemical structure of EP. (B) Dose-response curve of EP toward different ovarian cancer cell lines after being treated for 48 h.
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viability of normal OSE cells (Figure 2A). However, it 

significantly inhibited the proliferation of both HGSOC and 

LGSOC cell lines after 48 h treatment (Figure 2A).

In addition, we carried out a wound healing assay to 

evaluate the changes of cell migration capacity upon EP 

treatment. Consistent with cell viability results, the scratch 

experiments showed that EP impaired the migration of 

ovarian cancer cells (Figure 2B). The impaired proliferation 

and migration capacities with EP treatment revealed its 

remarkable potency in antitumor drug development.

EP down-regulates the nuclear 
translocation of β-catenin and expression 
of target proteins
Deregulation of β-catenin is one of the general mechanisms 

in cancer proliferation and aggression,18 therefore, we further 

Figure 2 EP inhibits cell viability and mobility of ovarian cancer cells.
Notes: (A) EP (50 μM) showed little effect on the cell viability of OSE cells, but significantly inhibited the proliferation of ovarian cancer cell lines. (B) The migration ability 
of ovarian cancer cells was also down-regulated by EP treatment. Data were from three independent experiments and are presented as mean ± SD. Student’s t-test was 
performed to analyze the statistical differences between two groups. *P,0.05.
Abbreviations: OSE, ovarian surface epithelial; CTL, control; EP, ergosterol peroxide.
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investigated whether EP can modulate the β-catenin path-

way in ovarian cancer cells. Western blot results demonstrated 

that EP treatment reduced the nuclear β-catenin protein level 

(Figure 3A) in both HGSOC and LGSOC cell lines.

Nuclear translocation of β-catenin can promote the tran-

scription and expression of various oncogenic genes; here 

we chose Cyclin D1 and c-Myc as the biomarkers for further 

cellular assays. Consistently, the mRNA levels of Cyclin 

D1 (Figure 3B) and c-Myc (Figure 3C) were both down-

regulated in the four ovarian cancer cell lines.

EP inhibits STAT3 signaling by regulating 
Src and SHP2
STAT protein family, especially STAT3, is one of the most 

promising targets for cancer therapy including ovarian 

cancer.19,20 Moreover, it has been previously reported that EP 

can modulate the phosphorylation status of STAT3 protein 

in myeloma cells.14 In this study, we firstly tested the effects 

of EP on STAT3 pathway in ovarian cancer cells.

Our results showed that EP significantly down-regulated 

the phosphorylation level of STAT3 with a slight effect on 

Figure 3 EP inhibits the oncogenic signaling mediated by β-catenin and STAT3.
Notes: (A) EP (50 μM) treatment induced changes of oncogenic proteins on both expression level and post-translational modification level. The mRNA levels of Cyclin D1 
(B) and c-Myc (C) were decreased after EP treatment for 16 h. ELISA results showed that the production of VEGF-C, an important protein in STAT3 pathway, was also 
inhibited upon EP treatment (D). *P,0.05.
Abbreviations: CTL, control; ELISA, enzyme linked immunosorbent assay; EP, ergosterol peroxide.
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total STAT3 protein level (Figure 3A). Src kinase and 

SHP2 phosphatase are two well-known up-stream modu-

lators of STAT3, which can regulate its phosphorylation 

and activity.20,21 Therefore, we next tested the changes of 

these two proteins. Western blot results revealed that the 

SHP2 expression level was increased under EP treatment; 

meanwhile, the phosphorylation of Src was decreased, even 

the total Src protein level showed no significant change 

(Figure 3A). Furthermore, the production of VEGF-C, a well-

recognized effector of STAT3 pathway, was also inhibited 

by EP treatment (Figure 3D).

To further confirm the involvement of β-catenin and 

STAT3 in EP’s effects. We performed the knock-in assay for 

β-catenin and STAT3; both showed enhanced cell viability 

compared with control cells (Figure 4A). On the other hand, 

knock-down of β-catenin by siRNA or inhibition of STAT3 

by specific inhibitor (S3I-201) significantly inhibited cell pro-

liferation. Moreover, treatment with EP showed comparable 

cytotoxic effect with β-catenin-siRNA or STAT3 inhibition 

(Figure 4B), suggesting that β-catenin and STAT3 are both 

implicated in the antitumor mechanisms (Figure 4C).

Discussion
G. lucidum is now regarded as an antitumor drug in traditional 

Chinese medicine.22 For example, G. lucidum extractions 

were reported to have hepatoprotective effects and induce 

apoptosis of HepG2 cells.23 EP is a natural product present 

in G. lucidum, which has been shown to regulate various 

biological processes including oxidation,12 inflammation,24 

and tumor cell growth.25

In the past decade, the effects of EP extracted from 

G. lucidum have been studied in various tumor types.9,11,26,27 

The results of the present study indicate that EP suppresses 

β-catenin-induced transcription of Cyclin D1 and c-Myc in 

ovarian cancer cells. Meanwhile, our study shows the effects 

of EP on regulating Src/SHP2-STAT3 pathway, indicating 

the multiple functions of EP in suppressing tumor growth. 

Consequently, the proliferation and migration of ovarian 

cancer cells were also inhibited upon EP treatment.

Intriguingly, we found that EP can attenuate the expression 

and secretion of VEGF-C, which has been well-recognized as 

a positive modulator of angiogenesis.28,29 In addition, it has 

been reported that constitutive STAT3 activation contributed 

Figure 4 Multiple antitumor mechanisms of EP in ovarian cancer cells.
Notes: (A) Overexpression of either β-catenin or STAT3 up-regulated the proliferation of OVCAR-3 cells. (B) Knock-down of β-catenin or inhibition of STAT3 using S3I-
201 impaired cell viability, and EP treatment showed comparable cytotoxic effect with β-catenin-siRNA or STAT3-inhibition. *P,0.05. Therefore, our results suggested that 
both β-catenin and STAT3 were implicated in the antitumor mechanisms (C).
Abbreviations: EP, ergosterol peroxide; o/e, overexpression.
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to oncogenesis by modulating angiogenesis,30 and our results 

showed that EP can down-regulate the STAT3 activity. 

Taken together, it is highly possible that EP may also attenu-

ate tumor angiogenesis, which needs more experimental 

evidence.

To date, all the studies about the antitumor effects of 

EP are based on cellular experiments. One of the reasons 

for lack of clinical perspective studies is the complicated 

components in medicinal mushrooms, and the isolation and 

purification of EP is not easy. However, Li et al recently 

reported the chemical synthesis of EP, which possesses a 

comparable antitumor effect to G. lucidum extracts.13 The 

successful synthesis makes it possible for further animal and 

clinical studies to verify the specific antitumor effects of EP. 

Our study provided initial evidence for the potential of EP 

in ovarian cancer treatment. 

Conclusion
EP shows promising antitumor effects on ovarian cancer 

cells, which are mediated by both β-catenin and STAT3 

pathways.
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