
Vol.:(0123456789)

Reproductive Sciences 
https://doi.org/10.1007/s43032-024-01673-x

GYNECOLOGIC ONCOLOGY: ORIGINAL ARTICLE

Amphiregulin Downregulates E‑cadherin Expression by Activating 
YAP/Egr‑1/Slug Signaling in SKOV3 Human Ovarian Cancer Cells

Qiongqiong Jia1,2 · Hailong Wang1 · Beibei Bi1 · Xiaoyu Han1 · Yuanyuan Jia1 · Lingling Zhang1 · Lanlan Fang1 · 
Avinash Thakur3,4 · Jung‑Chien Cheng1 

Received: 7 March 2024 / Accepted: 1 August 2024 
© The Author(s), under exclusive licence to Society for Reproductive Investigation 2024

Abstract
Amphiregulin (AREG) stimulates human epithelial ovarian cancer (EOC) cell invasion by downregulating E-cadherin expres-
sion. YAP is a transcriptional cofactor that has been shown to regulate tumorigenesis. This study aimed to examine whether 
AREG activates YAP in EOC cells and explore the roles of YAP in AREG-induced downregulation of E-cadherin and cell 
invasion. Analysis of the Cancer Genome Atlas (TCGA) showed that upregulation of AREG and EGFR were associated with 
poor survival in human EOC. Treatment of SKOV3 human EOC cells with AREG induced the activation of YAP. In addition, 
AREG downregulated E-cadherin, upregulated Egr-1 and Slug, and stimulated cell invasion. Using gain- and loss-of-function 
approaches, we showed that YAP was required for the AREG-upregulated Egr-1 and Slug expression. Furthermore, YAP was 
also involved in AREG-induced downregulation of E-cadherin and cell invasion. This study provides evidence that AREG 
stimulates human EOC cell invasion by downregulating E-cadherin expression through the YAP/Egr-1/Slug signaling.
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Introduction

Due to metastases that are resistant to conventional thera-
pies, epithelial ovarian cancer (EOC) is the most lethal 
gynecologic malignancy [1]. Amphiregulin (AREG) is an 
epidermal growth factor (EGF)-like growth factor that was 
first purified from the serum-free conditioned medium of 
PMA-stimulated MCF-7 human breast carcinoma cells [2]. 
It has been characterized that amphiregulin (AREG), similar 

to other EGF receptor (EGFR) ligands such as EGF and 
transforming growth factor-α (TGF-α), specifically binds to 
the EGFR rather than other ErbB receptors [3]. The tumor 
microenvironment provides specific conditions for support-
ing cancer development and progression, including human 
EOC [4]. Targeting EGFR signaling with small-molecule 
tyrosine kinase inhibitors and monoclonal antibodies has 
potential therapeutic effects on EOC [5]. In human ovarian 
follicular fluid, the concentration of EGF is very low, while 
AREG has been found to be the most abundant EGFR ligand 
[6]. In EOC tissues and cell lines, the expression levels of 
AREG are higher than those of EGF and TGF-α [7–9]. In 
addition, the concentration of AREG in the peritoneal fluid 
of EOC patients is significantly higher than the concentra-
tion of TGF-α [10]. Importantly, the upregulation of AREG 
expression is detected in all different histological subtypes of 
human EOC [11]. Given the high expression level of AREG, 
AREG may play a predominant role in the regulation of 
human EOC progression [12].

E-cadherin, localized to the surface of epithelial cells in 
regions of cell–cell contact known as adherens junctions, is 
required to maintain the epithelial cell polarity and structure 
[13]. The downregulation of E-cadherin is an important event 
in epithelial-mesenchymal transition (EMT) and is associated 
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with epithelial tumor cell metastasis [14]. In human EOC, EMT 
plays a vital role in disease progression and therapy resistance 
[15]. The Hippo pathway was first identified in Drosophila and 
acts as a critical regulator of organ size [16]. In mammals, inac-
tivation of the Hippo pathway results in the de-phosphorylation 
of yes-associated protein (YAP), the major downstream effector 
of the Hippo pathway, which allows it to stay in the nucleus and 
exert its transcriptional activities by interacting with the TEAD 
family of transcription factors [17]. Increasing evidence has 
demonstrated that in addition to the control of organ size, YAP 
is also involved in the regulation of tissue regeneration, stem 
cell self-renewal, and cancer development [18, 19]. In gyneco-
logical cancers, including EOC, YAP can initiate tumorigenesis 
by inducing cell proliferation, migration, invasion, and drug 
resistance [20]. Importantly, recent studies have provided evi-
dence of cross-talk and interplay between YAP and the process 
of EMT in some types of cancer [21].

In a context-dependent manner, activation of EGFR by EGF 
activates YAP in some cell systems but fails to do so in oth-
ers [22]. Early growth response protein-1 (Egr-1) is an early 
response gene that can be rapidly activated by many extra-
cellular signaling molecules and plays an important role in 
the regulation of tumor angiogenesis and tumor growth [23, 
24]. EGF-induced transcription of Egr-1 is inhibited in YAP 
knockout HEK293 cells, which indicates the interplay between 
YAP and Egr-1 [25]. In SKOV3 and OVCAR5 human EOC 
cell lines, we have shown that EGF induces Egr-1 expression, 
which subsequently binds to the Slug promoter and stimulates 
the expression of Slug, an E-cadherin transcriptional repres-
sor, to downregulate the expression of E-cadherin [26]. Our 
previous studies have also demonstrated that AREG induces 
cell invasion by downregulating the expression of E-cadherin 
in SKOV3 and OVCAR5 cells [27–30]. Notably, although both 
AREG and EGF bind exclusively to EGFR, these two EGFR 
ligands can cause distinct downstream biological activities and 
act either redundantly or differentially in a cell-type-dependent 
manner [31]. To date, whether YAP and Egr-1 can be acti-
vated by the AREG in human EOC cells remains unclear. 
If it does, whether YAP/Egr-1 mediates the AREG-induced 
downregulation of E-cadherin needs to be defined. Given the 
profound inhibitory effect of AREG on E-cadherin in SKOV3 
cells [26], this study used SKOV3 cells as the experimental 
model to explore the involvement of YAP/Egr-1/Slug signal-
ing in AREG-induced downregulation of E-cadherin and cell 
invasion in human EOC cells.

Methods

Antibodies and Reagents

The E-cadherin (#610818) antibody was purchased 
from BD Biosciences. The Egr-1 (#4153), Slug (#9585), 

phospho-YAPSer127 (#13008), YAP (#12395), and Cyr61 
(#14479) antibodies were purchased from Cell Signaling 
Technology. The EGFR (#sc-03) and α-tubulin (#sc-23948) 
antibodies were purchased from Santa Cruz Biotechnology. 
The recombinant human amphiregulin was obtained from 
R&D systems. The AG1478 was obtained from Sigma.

Cell Culture

The SKOV3 cell line was purchased from the American 
Type Culture Collection through an official distributor in 
China (Beijing Zhongyuan Limited). Cells were cultured in 
a humidified atmosphere containing 5%  CO2 and 95% air at 
37 °C in RPMI 1640 Medium (Gibco) supplemented with 
10% fetal bovine serum (FBS) (Hyclone), 100 U/mL penicil-
lin, and 100 μg/mL streptomycin sulfate (Boster).

Invasion Assay

The transwell cell culture inserts (8 µm pore size, 24 wells, 
BD Biosciences) were used to measure the cell invasive-
ness. Each experiment was performed with triplicate 
inserts. Inserts were coated with 40 µL of 1 mg/mL growth 
factor-reduced Matrigel (BD Biosciences) for 4 h. Cells 
(1 ×  105 cells/insert) in 250 μL culture medium supple-
mented with 0.1% FBS were seeded on the top of Matrigel. 
In the lower chamber, 750 μL of culture medium containing 
10% FBS was added. After 48 h of incubation, un-invaded 
cells were wiped away from the top of the membrane. Inva-
sive cells that penetrated the Matrigel and membrane were 
fixed with cold methanol at -20 °C for 30 min and then 
stained with 0.5% crystal violet (Sigma) for 30 min at room 
temperature. The crystal violet was removed by washing 
the inserts with tap water. For the quantification, five 
microscopic fields in each membrane were photographed 
under an optical microscope, and the number of crystal 
violet-stained cells was counted manually.

Reverse Transcription‑Quantitative Real‑Time PCR 
(RT‑qPCR)

The total RNA of treated cells was extracted with TRI-
zol (Invitrogen). One μg of RNA was reverse-transcribed 
into first-strand cDNA with the iScript Reverse Transcrip-
tion Kit (Bio-Rad Laboratories). SYBR Green RT-qPCR 
was performed on an Applied Biosystems QuantStudio 
12 K Flex system equipped with 96-well optical reaction 
plates. Each 20 μL qPCR reaction contained 1X SYBR 
Green PCR Master Mix (Applied Biosystems), 60 ng of 
cDNA, and 250 nM of each specific primer. The following 
primers were used: E-cadherin, 5'-TCC TGG GCA GAG 
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TGA ATT TT-3' (sense) and 5'-CCG TAG AGG CCT TTT 
GAC TG-3' (antisense); Slug, 5’-TTC GGA CCC ACA 
CAT TAC CT-3’ (sense) and 5’-GCA GTG AGG GCA 
AGA AAA AG-3’ (antisense), and GAPDH, 5'-GAG TCA 
ACG GAT TTG GTC GT-3' (sense) and 5'-GAC AAG CTT 
CCC GTT CTC AG-3' (antisense). RNAse-free water and 
extracted RNA samples without RT were used as negative 
controls. Melting curve analysis was performed for every 
primer set to validate the specificity of each assay. The 
size of each PCR product was confirmed by agarose gel 
electrophoresis. All RT-qPCR results represent the mean 
of at least three independent experiments, and each sample 
was assayed in triplicate. Relative quantification of mRNA 
levels was conducted by the comparative Ct method with 
GAPDH as the internal control and using the formula 
 2–∆∆Ct.

Western Blot Analysis

Western blot was performed as described [32]. Briefly, 
after treatments, cells were washed with cold phosphate-
buffered saline (PBS) and lysed in cell lysis buffer (Cell 
Signaling Technology) supplemented with a protease 
inhibitor cocktail (Sigma). Equal amounts of protein were 
separated by SDS polyacrylamide gel electrophoresis and 
transferred onto PVDF membranes. After 1 h of blocking at 
room temperature with 5% nonfat dry milk in Tris-buffered 
saline (TBS), the PVDF membranes were incubated over-
night with primary antibodies diluted in 5% nonfat milk/
TBS on the orbital shaker at 4 °C. Following primary anti-
body incubation, the PVDF membranes were washed with 
TBS and then incubated with appropriate HRP-conjugated 
secondary antibodies (Bio-Rad Laboratories). Immunore-
active bands were detected using an enhanced chemilu-
minescent substrate (Bio-Rad Laboratories) and imaged 
with a ChemiDoc MP Imager (Bio-Rad Laboratories). The 
Scion Image software was used to quantify the intensity of 
a specific band.

Small Interfering RNA (siRNA) Transfection and YAP 
Overexpression

To knock down endogenous EGFR, Egr-1, or YAP, cells 
were transfected with 50 nM ON-TARGETplus SMART-
pool siRNA targeting for the specific gene (Dharmacon) 
using Lipofectamine RNAiMAX (Invitrogen). The siCON-
TROL NON-TARGETING pool siRNA (Dharmacon) was 
used as the transfection control. To overexpress YAP, cells 
were transfected with 1 µg empty pCMV vector or vector 
encoding a full-length constitutively active form of YAP 
 (YAPS127A) with N-terminal Flag-tag (Addgene) using Lipo-
fectamine 3000 (Invitrogen).

Statistical Analysis

The results are presented as the mean ± SEM of at least three 
independent experiments. All statistical analyses were ana-
lyzed by PRISM software. Multiple comparisons were ana-
lyzed using one-way ANOVA followed by Tukey’s multiple 
comparison test. A significant difference was defined as 
p < 0.05.

Results

Upregulations of AREG and EGFR mRNA are 
Associated with Poor Survival of Human EOC

To investigate the relationship between AREG and human 
EOC survival, we queried mRNA expression data on 
489 high-grade serous carcinoma (HGSC) samples with 
mRNA expression z-scores relative to all samples (log 
microarray) that were published by the Cancer Genome 
Atlas (TCGA) Research Network [33]. Using cBio-
Portal for Cancer Genomics [34], our analysis results 
showed that upregulation of AREG mRNA was detected 
in 50 (10.2%) of 489 cases. The upregulation of AREG 
mRNA was not associated with overall survival (Log-
rank P = 0.266), but a significant association between the 
upregulation of AREG mRNA and disease-free survival 
was observed (Log-rank P = 0.0182) (Fig. 1A). In addition 
to AREG, upregulation of EGFR mRNA was detected in 
56 (11.4%) cases, and that is associated with poor over-
all (Log-rank P = 4.966e-3) but not disease-free survival 
(Log-rank P = 0.703) (Fig. 1B). These results indicate that 
elevated expression of AREG and its receptor, EGFR, may 
play an important role in the regulation of human EOC 
progression.

EGFR Mediates AREG‑induced Downregulation 
of E‑cadherin

We have shown that the concentration of AREG in 
the ovarian follicular fluid of women is ~ 200 ng/mL [35]. 
Therefore, to examine the effect of AREG on E-cadherin 
expression, we treated SKOV3 human EOC cells with 
50, 100, and 200  ng/mL recombinant human AREG. 
RT-qPCR results showed that treatment with 50, 100, 
and 200 ng/mL induced a comparable inhibitory effect 
on the E-cadherin mRNA levels (Fig. 2A). Western blot 
results further confirmed the suppressive effect of AREG 
on E-cadherin protein levels in SKOV3 cells (Fig. 2B). 
Therefore, we used 100 ng/mL AREG for the follow-
ing experiments. To examine whether EGFR is required 
for the AREG-induced downregulation of E-cadherin 
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expression, an EGFR inhibitor AG1478 was used to 
block the function of EGFR. As shown in Fig. 2C, pre-
treated cells with AG1478 for 1 h blocked the suppres-
sive effect of AREG on the E-cadherin protein levels. 
To further confirm this, endogenous EGFR was knocked 

down by transfecting cells with EGFR siRNA. As shown 
in Fig. 2D, transfection of EGFR siRNA significantly 
downregulated EGFR protein levels. In addition, the 
knockdown of EGFR abolished the AREG-induced down-
regulation of E-cadherin protein levels.

Fig. 1  Elevation of AREG or EGFR mRNA levels is associated with 
poor survival in high-grade serous ovarian carcinomas  (HGSC). 
A and B, The cBioPortal for Cancer Genomics was used to query 
489 HGSC  samples with mRNA expression data from The Can-
cer Genome Atlas for the upregulation of AREG (A) and EGFR (B) 
(z-score threshold ± 1.5). The upper panel shows the graphical sum-

mary (OncoPrint) of the samples exhibiting upregulation of AREG 
or EGFR. The lower panel shows overall and disease-free survival 
differences between unaltered samples and those with the elevation 
of AREG or EGFR. Results are displayed as Kaplan–Meier survival 
curves with P values from a Log-rank test
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AREG Activates YAP Through EGFR

Activation of EGFR by EGF treatment activates YAP by 
reducing its phosphorylation at Ser127 rapidly in MCF-
10A cells [36]. To examine the effect of AREG on YAP 
activation, SKOV3 cells were treated with AREG for 10, 
30, and 60 min. The activation of YAP was examined by 
the reduction of its phosphorylation at Ser127. As shown in 
Fig. 3A, treatment with AREG for 30 and 60 min resulted in 
a reduction of YAP phosphorylation at Ser127 which indi-
cated its activation. The AREG-activated YAP was blocked 
by pretreatment with the EGFR inhibitor AG1478 (Fig. 3B). 
Using EGFR siRNA, we further confirmed that EGFR was 
required for the AREG-induced activation of YAP (Fig. 3C).

AREG Downregulates E‑cadherin Expression 
by Inducing Egr‑1 Expression

To examine whether AREG treatment induces Egr-1 expres-
sion, SKOV3 cells were treated with AREG for 1, 3, and 6 h. 

As shown in Fig. 4A, AREG treatment induced a transient 
expression of Egr-1 protein, with the maximal effect observed 
after 3 h of AREG treatment. The induction of Egr-1 pro-
tein expression by AREG was blocked by the inhibition of 
EGFR function and the knockdown of EGFR (Fig. 4B and 
C). Whether AREG-induced Egr-1 expression participates 
in the AREG-downregulated E-cadherin expression remains 
unknown. Therefore, Egr-1 siRNA was used to block the 
AREG-induced Egr-1 expression.  As shown in Fig. 4D, 
AREG induced Egr-1 protein expression in cells transfected 
with control siRNA. However, this induction was not observed 
in cells transfected with Egr-1 siRNA. Importantly, the AREG-
induced downregulation of E-cadherin protein levels was 
attenuated by the siRNA-mediated knockdown of Egr-1.

Egr‑1 Mediates AREG‑Upregulated Slug Expression

Slug is a well-known E-cadherin transcriptional repres-
sor [37]. RT-qPCR results showed that AREG upregulated 
Slug mRNA levels in SKOV3 cells after 3 h of treatment, 

Fig. 2  AREG downregulates 
E-cadherin expression in 
SKOV3 cells. A and B, Cells 
were treated with 50, 100, and 
200 ng/mL AREG for 24 h. 
The mRNA (A) and protein (B) 
levels of E-cadherin were exam-
ined by RT-qPCR and western 
blot, respectively. C, Cells were 
pretreated with vehicle control 
(DMSO) or 10 µM AG1478 
for 1 h, and then treated with 
100 ng/mL AREG for 24 h. 
The E-cadherin protein levels 
were examined by western blot. 
D, Cells were transfected with 
50 nM control siRNA (si-Ctrl) 
or EGFR siRNA (si-EGFR) 
for 48 h, and then treated with 
100 ng/mL AREG for 24 h. The 
protein levels of E-cadherin 
and EGFR were examined by 
western blot. The results are 
expressed as the mean ± SEM 
of at least three independent 
experiments. Values that are 
statistically different from one 
another (p < 0.05) are indicated 
by different letters
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and this stimulatory effect was also observed after 6 h of 
AREG treatment (Fig. 5A). Western blot results showed a 
similar stimulatory effect of AREG on Slug protein levels 
(Fig. 5B). In addition, AREG-induced upregulation of Slug 
protein levels was blocked by the siRNA-mediated knock-
down of EGFR (Fig. 5C). Using Egr-1 siRNA, we revealed 
that AREG-upregulated Slug protein levels were partially 
blocked by the knockdown of Egr-1 (Fig. 5D).

YAP Mediates AREG‑Induced Downregulation 
of E‑Cadherin and Upregulation of Egr‑1 and Slug 
Expression

Next, we examined whether activation of YAP is involved in 
AREG-downregulated E-cadherin expression. Transfecting 
SKOV3 cells with YAP siRNA significantly downregulated 
endogenous YAP protein levels. Knockdown of YAP did 
not affect the basal E-cadherin expression but attenuated the 

AREG-downregulated E-cadherin protein levels (Fig. 6A). 
In addition, the AREG-induced Egr-1 protein levels were 
inhibited by the YAP knockdown (Fig.  6B). Moreover, 
the knockdown of YAP attenuated the AREG-stimulated 
upregulation of Slug protein levels (Fig. 6C). To further con-
firm the role of YAP in the regulation of Egr-1, Slug, and 
E-cadherin, a constitutively active form of YAP, the YAP 
serine 127 to alanine (S127A) mutant with a Flag-tag was 
transfected into SKOV3 cells. Western blot results showed 
that overexpression of  YAPS127A upregulated its well-known 
target Cyr61, which indicated the success of the  YAPS127A 
overexpression. In addition, the protein levels of E-cadherin 
were downregulated by the overexpression of  YAPS127A. 
Moreover, overexpression of  YAPS127A upregulated the 
protein levels of Egr-1 and Slug (Fig. 6D). Taken together, 
these results indicate that AREG-activated YAP leads to the 
expression of Egr-1, which subsequently contributes to the 
Slug-mediated downregulation of E-cadherin expression.

Fig. 3  AREG activates YAP 
in SKOV3 cells. A, Cells were 
treated with 100 ng/mL AREG 
for 10, 30, and 60 min. The 
levels of phosphorylated YAP 
at Ser127 and the total form 
of YAP were determined by 
western blot. B, Cells were 
pretreated with vehicle control 
(DMSO) or 10 µM AG1478 
for 1 h, and then treated with 
100 ng/mL AREG for 1 h. The 
levels of phosphorylated YAP 
at Ser127 and the total form 
of YAP were determined by 
western blot. C, Cells were 
transfected with 50 nM control 
siRNA (si-Ctrl) or EGFR 
siRNA (si-EGFR) for 48 h, and 
then treated with 100 ng/mL 
AREG for 1 h. The levels of 
phosphorylated YAP at Ser127, 
the total form of YAP, and 
protein levels of EGFR were 
determined by western blot. 
The results are expressed as the 
mean ± SEM of at least three 
independent experiments. Val-
ues that are statistically different 
from one another (p < 0.05) are 
indicated by different letters
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YAP‑Mediated Egr‑1 Expression is Required 
for AREG‑Stimulated SKOV3 Cell Invasion

Consistent with our previous study, treatment with AREG 
stimulated SKOV3 cell invasion. The pro-invasive effect of 
AREG was blocked by the inhibition of EGFR (Fig. 7A). 
Our previous study has shown that overexpression of 
E-cadherin blocked the AREG-induced EOC cell inva-
sion [27]. Given the involvement of YAP and Egr-1 in 
AREG-induced downregulation of E-cadherin, we exam-
ined whether the knockdown of YAP or Egr-1 affects the 
AREG-stimulated cell invasion. As shown in Fig.  7B, 
siRNA-mediated knockdown of Egr-1 blocked the AREG-
stimulated cell invasion. In addition, the AREG-stimulated 
cell invasion was attenuated by the knockdown of YAP. 
Moreover, the invasiveness was increased in SKOV3 cells 
that overexpressed  YAPS127A (Fig. 7C).

Discussion

EGFR gene amplification, mutation, and overexpression of 
EGFR protein levels are frequently observed in human EOC 
and are associated with more aggressive clinical behavior 
and poor prognosis [38]. Regional dissemination of the 
cancer cells and metastases are hallmarks of human EOC 
progression [39]. Human EOC cells with low E-cadherin 
expression are more invasive, and the absence of E-cadherin 
expression is associated with poor survival [40, 41]. AREG, 
EGF, and TGF-α have been shown to stimulate EOC cell 
invasion by downregulating the expression of E-cadherin 
[26–30, 42–45]. A previous study measuring the concentra-
tions of EGF-like ligands in ascites fluid from 43 ovarian 
cancer patients shows that AREG is the most abundant and 
generalized ligand secreted by tumors compared to EGF, 
TGF-α, betacellulin, and HB-EGF. Treatment of EOC 

Fig. 4  AREG upregulates Egr-1 
expression in SKOV3 cells. A, 
Cells were treated with 100 ng/
mL AREG for 1, 3, and 6 h. 
The protein levels of Egr-1 
were determined by western 
blot. B, Cells were pretreated 
with vehicle control (DMSO) 
or 10 µM AG1478 for 1 h, 
and then treated with 100 ng/
mL AREG for 3 h. The protein 
levels of Egr-1 were determined 
by western blot. C, Cells were 
transfected with 50 nM control 
siRNA (si-Ctrl) or EGFR 
siRNA (si-EGFR) for 48 h, 
and then treated with 100 ng/
mL AREG for 3 h. The protein 
levels of Egr-1 and EGFR were 
determined by western blot. 
D, Cells were transfected with 
50 nM control siRNA (si-Ctrl) 
or Egr-1 siRNA (si-Egr-1) for 
48 h, and then treated with 
100 ng/mL AREG for 24 h. 
The protein levels of Egr-1 and 
E-cadherin were determined 
by western blot. The results are 
expressed as the mean ± SEM 
of at least three independent 
experiments. Values that are 
statistically different from one 
another (p < 0.05) are indicated 
by different letters
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cells with cisplatin increases the AREG promoter activity. 
In addition, the knockdown of AREG or treating an anti-
AREG monoclonal antibody inhibits the tumorigenic growth 
of human EOC cells [9]. Moreover, AREG has been shown 
to increase the stemness and drug resistance of EOC cells 
[46]. These results indicate the critical roles of AREG in 
EOC development and progression and suggest that EGFR 
and AREG are potential therapeutic targets for human EOC 

[47]. In the present study, our TCGA analysis results showed 
that EOC patients with upregulated EGFR had lower overall 
survival. However, the overall survival was not significantly 
altered in patients with high AREG expression, although 
the upregulation of AREG was associated with disease-free 
survival. Regardless of our TCGA analysis results, a previ-
ous study shows that higher AREG protein levels correlate 
with the advanced stages of EOC in both clinical patients 

Fig. 5  AREG upregulates Slug expression in SKOV3 cells. A and 
B, Cells were treated with 100 ng/mL AREG for 1, 3, and 6 h. The 
mRNA and protein levels of Slug were determined by RT-qPCR (A) 
and western blot  (B), respectively. C, Cells were transfected with 
50 nM control siRNA (si-Ctrl) or EGFR siRNA (si-EGFR) for 48 h, 
and then treated with 100 ng/mL AREG for 6 h. The protein levels 
of Slug and EGFR were determined by western blot. D, Cells were 

transfected with 50 nM control siRNA (si-Ctrl) or Egr-1 siRNA (si-
Egr-1) for 48 h, and then treated with 100 ng/mL AREG for 6 h. The 
protein levels of Slug and Egr-1 were determined by western blot. 
The results are expressed as the mean ± SEM of at least three inde-
pendent experiments. Values that are statistically different from one 
another (p < 0.05) are indicated by different letters
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and the tissue array samples. In addition, Kaplan–Meier sur-
vival analysis of 518 EOC cases from the Oncomine data 
reveals that EOC patients with high AREG expression cor-
relate with significantly shorter survival than those with low 
AREG expression [46]. Taken together, these results suggest 
that increased AREG and EGFR expression in human EOC 
cells contribute to poor survival of the disease progression.

In mammals, YAP is the major downstream effector of the 
Hippo pathway. Activation of the Hippo pathway stimulates 
the serine/threonine kinases MST1/2, which phosphorylate 
the downstream kinases LATS1/2. Phosphorylated LATS1/2 
subsequently phosphorylates YAP, leading to its cytoplasmic 
localization and proteolytic degradation. Conversely, inac-
tivation of the Hippo pathway results in the dephosphoryla-
tion of YAP, allowing it to stay in the nucleus and regulate 
gene expression [17]. It has been shown that YAP can be 
phosphorylated at different serine and tyrosine residues 
in both LATS1/2-dependent and -independent manners to 

regulate its activation [48–50]. However, the roles of these 
phosphorylation sites in regulating YAP function are largely 
undetermined. In the present study, it remains unknown 
whether activation of EGFR by AREG treatment phospho-
rylates YAP at sites other than Ser127. Therefore, investi-
gating whether AREG can affect YAP phosphorylation at 
different sites and subsequently contribute to the regulation 
of YAP function in human EOC will be of great interest.

Many cancer-related cellular processes, such as cell pro-
liferation, migration, invasion, differentiation, and stemness, 
can be regulated by YAP. Thus, YAP has been considered 
an oncogene, and its aberrant activation and expression are 
observed in several cancers, including human EOC [51]. 
Phosphorylation of the YAP protein at Ser127 prevents its 
nuclear translocation and transcription coactivator function 
by promoting YAP binding to cytoplasmic 14–3-3 proteins. 
By contrast, de-phosphorylation of YAP at Ser127 acti-
vates the YAP and increases its nuclear translocation [17]. 

Fig. 6  YAP mediates AREG-
induced downregulation of 
E-cadherin expression and 
upregulation of Egr-1 and 
Slug expression. A-C, Cells 
were transfected with 50 nM 
control siRNA (si-Ctrl) or YAP 
siRNA (si-YAP) for 48 h, and 
then treated with 100 ng/mL 
AREG for 24 h (A), 3 h (B), 
and 6 h (C). The protein levels 
of E-cadherin, Egr-1, Slug, 
and YAP were determined by 
western blot. D, Cells were 
transfected with 1 µg control 
vector (pCMV) or vector 
containing  YAPS127A cDNA 
(pCMV-YAPS127A) for 48 h. The 
protein levels of E-cadherin, 
Egr-1, Slug, Cyr61, and YAP 
were examined by western blot. 
The results are expressed as the 
mean ± SEM of at least three 
independent experiments. Val-
ues that are statistically different 
from one another (p < 0.05) are 
indicated by different letters
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In human EOC, although both normal and tumor tissues 
express YAP, the YAP protein is differentially located in 
the cytoplasm and the nucleus of normal and the EOC tis-
sues, respectively. Importantly, the phosphorylation levels of 
YAP at Ser127 are significantly decreased in human EOC 

tissues when compared to normal and benign tissues. In 
addition, YAP mediates the lysophosphatidic acid-induced 
EOC cell migration and invasion by increasing the AREG 
expression [52]. These results indicate the aberrant activa-
tion of YAP plays a vital role in regulating EOC progression. 

Fig. 7  YAP and Egr-1 are required for the AREG-stimulated SKOV3 
cell invasion. A, Cells were pretreated with vehicle control (DMSO) 
or 10 µM AG1478 for 1 h, and then treated with 100 ng/mL AREG. 
B, Cells were transfected with 50 nM control siRNA (si-Ctrl), Egr-1 
siRNA (si-Egr-1) or YAP siRNA (si-YAP) for 48 h, and then treated 
with 100  ng/mL AREG. C, Cells were transfected with 1  µg con-

trol vector (pCMV) or vector containing  YAPS127A cDNA (pCMV-
YAPS127A) for 48  h. The levels of cell invasiveness were examined 
by transwell invasion assay. The  scale bar represents 50 μm.  The 
results are expressed as the mean ± SEM of at least three independent 
experiments. Values that are statistically different from one another 
(p < 0.05) are indicated by different letters
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In the human mammary epithelial cell line MCF10A, YAP 
was first identified to be able to induce the downregulation 
of E-cadherin [53]. Since this initial study, accumulating 
evidence has reported that the YAP acts as an important 
inducer of EMT in many types of human cancer [21]. 
Although AREG is the well-known YAP target, and activa-
tion of EGFR activates YAP, to the best of our knowledge, 
there is no study that directly examines the effect of AREG 
on YAP activation in human EOC cells. Our results showed 
that AREG treatment activated YAP in SKOV3 cells. The 
stimulatory effect of AREG on YAP activation is consistent 
with a previous study in human cervical cancer cells [54]. 
In addition, using gain- and loss-of-function approaches, we 
showed that YAP was involved in the AREG-induced down-
regulation of E-cadherin and cell invasion.

Many studies have reported how external stimuli affect 
YAP activity. However, the downstream target genes that 
mediate the biological functions of YAP remain not much 
explored [55]. In HEK293 cells, EGF-induced expressions 
of AP-1, Egr-1, and Egr-3 are significantly attenuated by the 
knockdown of YAP [25]. These results indicate that these 
transcription factors could propagate the function of YAP. 
We showed that Egr-1 expression was induced by the AREG 
treatment in SKOV3 cells. The Egr-1 was required for the 
AREG-induced Slug expression, which subsequently contrib-
uted to the AREG-downregulated E-cadherin. These results, 
together with our previous study, indicate that activation of 
EGFR by AREG or EGF results in the induction of Egr-1, 
which leads to the upregulation of Slug and the following 
downregulation of E-cadherin and cell invasion [26]. Impor-
tantly, our results revealed that AREG-induced Egr-1 and Slug 
expressions were attenuated by the knockdown of YAP. In 
addition, overexpressed the constitutively active form of YAP 
upregulated the expression of Egr-1 and Slug. These findings 
indicate that YAP mediates the inhibitory effect of AREG 
on E-cadherin expression by upregulating the expression lev-
els of its downstream target, Egr-1,which contributes to the 
induction of Slug. Interestingly, the knockdown of YAP did 
not fully block the stimulatory effects of AREG on Egr-1 and 
Slug expression. These results suggest the existence of other 
upstream factors of Egr-1/Slug signaling that can mediate the 
AREG-induced downregulation of E-cadherin. In addition to 
the regulation of Egr-1 expression, a previous study shows 
that YAP can form a complex with Egr-1 and enhances its 
stimulatory effect on Bax expression in irradiated prostate 
cancer cells [56]. Whether the same is true in human EOC 
cells remains unknown and warrants further investigation.

Human EOCs encompass a spectrum of histologic subtypes 
distinguished by their unique histological, clinical, molecular, 
and epidemiological features. These subtypes exhibit distinct 
morphological and molecular characteristics that influence 

their clinical behavior, response to treatment, and prognosis 
[57]. High-rise serous carcinoma (HGSC) is the most prevalent 
among these subtypes. However, reports suggest that SKOV3, 
previously categorized within HGSC, may not accurately rep-
resent this subtype [58, 59]. We are aware that our study was 
conducted using a single human EOC cell line. While this 
approach allowed us to delve deeply into specific molecular 
pathways, extrapolating these findings to different subtypes of 
human EOC requires further investigation.

In summary, the present study reveals that the upregula-
tion of AREG and its receptor, EGFR, are associated with 
poor survival in human EOC. In human EOC cells, AREG 
treatment downregulates E-cadherin expression and stimulates 
cell invasion. Mechanistically, we demonstrate that AREG 
activates YAP and induces Egr-1 and Slug expression. Using 
gain- and loss-of-function approaches, our results show that 
YAP is required for the AREG-induced Egr-1 and Slug expres-
sion. In addition, YAP mediates the inhibitory effect of AREG 
on E-cadherin expression and the stimulatory effect on cell 
invasion. These findings provide evidence that YAP plays an 
important role in mediating EGFR-regulated EMT. Our study 
increases the understanding of the pathological function of 
AREG in human EOC and provides important insights into the 
regulation of E-cadherin expression and cell invasion, which 
may help to develop new therapeutic methods for human EOC.
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