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Introduction

Ovarian hyperstimulation syndrome (OHSS) is a serious iatro-
genic complication after ovulation induction or controlled 
ovarian stimulation, which can be life-threatening in severe 
case1. OHSS occurs in 20%~30% patients who undergo 
assisted reproductive technology2 and the incidence of severe 
OHSS ranges from 2% to 9%3,4. The clinical manifestations of 
OHSS include ascites, hydrothorax, enlarged ovaries, respira-
tory distress syndrome, acute renal insufficiency, embolism, 
and even death5. A number of strategies have been developed to 
prevent OHSS, such as controlled ovarian stimulation, altering 
human chorionic gonadotropin (hCG) dose, canceling the cycle 
of in vitro fertilization, and intravenous albumin infusion dur-
ing oocyte pickup. However, the efficacy of these approaches 
is unsatisfied6–8 and novel strategies are still required.

Understanding the mechanisms driving OHSS progres-
sion will promote the development of new therapeutic 
approaches. It has been demonstrated that increased vascular 

permeability, which results in a leaking of fluid from the 
blood vessels to other parts of the body, is one of the major 
reasons responsible for the progression of OHSS9,10. 
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Abstract
Angiogenesis is strongly associated with ovarian hyperstimulation syndrome (OHSS) progression. Early growth response pro-
tein 1 (EGR1) plays an important role in angiogenesis. This study aimed to investigate the function and mechanism of EGR1 
involved in OHSS progression. RNA-sequencing was used to identify differentially expressed genes. In vitro OHSS cell model 
was induced by treating KGN cells with human chorionic gonadotropin (hCG). In vivo OHSS model was established in mice. 
The expression levels of EGR1, SOX1, and VEGF were determined by Quantitative Real-Time polymerase chain reaction 
(qRT-PCR), Western blot, immunofluorescence staining, and immunochemistry assay. The content of VEGF in the culture 
medium of human granulosa-like tumor cell line (KGN) cells was accessed by the ELISA assay. The regulatory effect of EGR1 
on SRY-box transcription factor 9 (SOX9) was addressed by luciferase reporter assay and chromatin immunoprecipitation. 
The ERG1 and SOX9 levels were significantly upregulated in granulosa cells from OHSS patients and there was a positive 
association between EGR1 and SOX9 expression. In the ovarian tissues of OHSS mice, the levels of EGR1 and SOX9 were 
also remarkedly increased. Treatment with hCG elevated the levels of vascular endothelial growth factor (VEGF), EGR1, and 
SOX9 in KGN cells. Silencing of EGR1 reversed the promoting effect of hCG on VEGF and SOX9 expression in KGN cells. 
EGR1 transcriptionally regulated SOX9 expression through binding to its promoter. In addition, administration of dopamine 
decreased hCG-induced VEGF in KGN cells and ameliorated the progression of OHSS in mice, which were companied with 
decreased EGR1 and SOX9 expression. EGR1 has a promoting effect on OHSS progression and dopamine protects against 
OHSS through suppression of EGR1/SOX9 cascade. Our findings may provide new targets for the treatment of OHSS.
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Therefore, factors controlling vascular permeability/angio-
genesis are reported to be closely associated with the patho-
genesis of OHSS11. Early growth response protein 1 (EGR1) 
is a transcription regulator that exerts its function through 
binding to the promoter of target genes to regulate their tran-
scription activity12. EGR1 has been reported to control 
angiogenesis13 and plays an important role in the progression 
of OHSS11,14. However, the detailed function and mechanism 
of EGR1 in OHSS remains unclarified.

SRY-box transcription factor 9 (SOX9) is a member of the 
family of SOX proteins, which plays important roles in cell-
type specification and cell differentiation15. Dysfunction of 
SOX9 has been linked to campomelic dysplasia and tumori-
genesis of multiple cancers, such as lung cancer, liver cancer, 
breast cancer, and colorectal cancer16–20. SOX9 plays a vital 
role in the regulation of angiogenesis21–24 and SOX9 has 
been declared to be a downstream factor of EGR125. 
However, whether SOX9 contributes to EGR1-mediated 
OHSS progression remains unknown.

Dopamine is a neuromodulator and neurotransmitter 
involved in a number of physiological processes26. Numerous 
researches have been performed to investigate the efficacy of 
dopamine agonists in preventing OHSS6,27–30, but the exact 
mechanisms of dopamine against OHSS are not fully under-
stood. In this study, we investigated the function and mecha-
nism of EGR1 in OHSS and explored the possible 
contribution of EGR1/SOX9 cascade in dopamine-mediated 
suppression of OHSS.

Methods and Materials

Cell Culture

Human granulosa-like tumor cell line (KGN) cells were pur-
chased from the Chinese Academy of Sciences (Shanghai, 
China) and cultured in DMEM/F12 media (Gibco) contain-
ing 10% FBS and 1% penicillin and streptomycin. Cells 
were incubated in a humidified atmosphere with 5% CO2 at 
37°C. Cells were passaged every 4~6 days. To induce in vitro 
OHSS cell model, KGN cells were treated with 10 IU/ml 
hCG (Solarbio, Beijing, China) for 24 h. For dopamine treat-
ment, KGN cells were treated with 10 IU/ml hCG together 
with 10 μM dopamine (Macklin, Shanghai, China) for 24 h, 
and then cells were collected for further experiments.

Isolation of Ovarian Granulosa Cells

Infertile patients who underwent oocyte retrieval at the Third 
Affiliated Hospital of Guangzhou Medical University 
between September 2019 and June 2020 were enrolled in the 
study. All participating patients gave their written informed 
consent. Follicular fluid samples were collected from seven 
OHSS patients and seven age-matched non-OHSS patients. 
The diagnosis of OHSS was based on the 2016 published 
clinical practice guidelines31. Granulosa cells were isolated 

from follicular fluid samples by density gradient centrifuga-
tion. Granulosa cells were maintained in DMEM/F12 (Gibco, 
Shanghai, China) containing 10% fetal bovine serum (FBS). 
After being cultured overnight, the cells were collected for 
RNA isolation. The RNA sequencing was performed by 
Novogene (Beijing, China).

siRNA and DNA Transfection

siRNA sequences targeting EGR1 and control siRNA were 
purchased from GenePharma (Shanghai, China). pcDNA3.1-
EGR1 overexpression plasmid was purchased from Fenghui 
(Hunan, China). siRNA (5 nmol) and DNA (2 μg) transfec-
tion were performed using Lipofectamine 2000 (Thermo 
Fisher Scientific, USA).

Quantitative Real-Time Polymerase Chain 
Reaction

Total RNA was extracted from KGN cells using TRIzol 
reagent (Invitrogen, Shanghai, China). Total RNA was 
reverse-transcribed into cDNA using the PrimeScript RT 
reagent Kit (seyotin, China) according to the manufacturer’s 
introductions. PCR was performed using the SYBR Green 
PCR Master Mix (seyotin, China). The primers used were as 
follows: GAPDH-F, 5’-GAGTCAACGGATTTGGTCGT-3’ 
and GAPDH-R, 5’-GACAAGCTTCCCGTTCTCAG-3’; 
VEGF-F, 5’-GGGCCTCCGAAACCATGAAC-3’ and 
VEGF-R, 5’-TTCTGCCCTCCTCCTTCTGC-3’; EGR1-F, 
5’-GTTACCCCAGCCAAACCACT-3’ and EGR1-R, 5’-GT 
GGGTTGGTCATGCTCACT-3’; and SOX9-F, 5’-CAGT 
ACCCGCACTTGCACA-3’ and SOX9-R, 5’-CCCGTTCTT 
CACCGACTTCC-3.’ The experiment was performed in 
triplicate. The relative gene expression was calculated using 
the 2–ΔΔCt formula and the expression of GAPDH was used 
as an internal control.

Western Blot

KGN cells were harvested and lyzed in RIPA buffer (Seyotin, 
Guangzhou, China). After incubation on ice for 30 min, cell 
lysate was centrifuged for 20 min at 4°C. The supernatant 
was collected and protein concentration was measured using 
the BCA method (Seyotin, Guangzhou, China). Equal 
amounts of protein (20 μg) were separated by SDS-PAGE 
and transferred onto PVDF membranes (Millipore, USA). 
The membrane was blocked with 5% nonfat milk and incu-
bated with primary antibody overnight at 4°C. After three 
washes with TBS-tween 20, the membrane was incubated 
with the HRP-conjugated secondary antibody. Protein bands 
were detected using the Immobilon Western Kit (Seyotin, 
Guangzhou, China). Antibodies against VEGF (ab46154), 
EGR1 (ab133695), Sox9 (ab185966), and GAPDH (ab8245) 
were obtained from Abcam (USA).
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ELISA Assay

The level of VEGF in culture medium was measured using 
the ELISA assay with a VEGF enzyme-linked immunosor-
bent assay kit (R&D Systems) according to the manufactur-
er’s instructions.

Chromatin Immunoprecipitation (CHIP)

The binding of EGR1 and SOX9 promoter was determined 
by the CHIP assay with the SimpleChIP Enzymatic 
Chromatin IP Kit (Cell Signaling Technology, USA) follow-
ing the manufacturer’s protocol. The purified DNA was 
quantified by PCR using the primers, as follows: forward, 
5’-CAGACTCCAGGCGCAGAAG-3’ and reverse, 
5’-GACTTCGCTGGCGTTTACAG-3.’ The PCR products 
were analyzed by agarose gel electrophoresis.

Luciferase Reporter Assay

The SOX9 promoter region containing potential EGR1-
binding sites32 was cloned into the pGL4.10 vector. KGN 
cells were co-transfected with the luciferase reporter plas-
mids and pcDNA3.1-EGR1 or empty vector. After transfec-
tion for 48 h, luciferase activity was determined with the 
Dual Luciferase Reporter Gene Assay Kit (Yeasen 
Biotechnology, Shanghai, China) and normalized to Renilla 
activity.

Establishment of the Mouse OHSS Model

ICR mice (female, 5 weeks old) were purchased from 
Baishitong Laboratories (Beijing, China). The OHSS model 
was established as described previous33,34. Briefly, mice were 
randomly divided into three groups: control, OHSS, and 
OHSS+dopamine (n=6). The control group was intraperito-
neally administered with 5 IU of PMSG (Solarbio, Beijing, 
China) on day 2 and 7 IU of hCG on day 5. The OHSS group 
was given 20 IU of PMSG for 4 consecutive days and 7 IU of 
hCG on day 5. Both the control and OHSS groups were intra-
peritoneally injected with a vehicle control (DMSO) from 
day 4 to day 6. The OHSS+dopamine group received 20 IU 
of PMSG for 4 consecutive days and 7 IU of hCG on day 5, 
followed by a supplement of dopamine (5 mg/kg/d) from day 
4 to day 6. The mice were sacrificed and ovary tissues were 
collected on day 7. All animal experiments were performed 
according to the Guide for the Care and Use of Laboratory 
Animals and approved by the Laboratory Animal Ethics 
Committee of Guangzhou Medical University.

Immunofluorescence Staining

Ovary tissues or KGN cells were fixed with 4% paraformal-
dehyde for 10 min and permeabilized with 0.1% Triton 
X-100 for 10 min. Samples were then blocked with 2% BSA 

in PBS, followed by incubation with primary antibodies 
(VEGF, EGR1, or SOX9, dilution, 1:100) overnight at 4°C. 
Then, samples were incubated with an Alexa Fluor 
488–labeled anti-mouse antibody and an Alexa Fluor 
594–conjugated anti-rabbit antibody (Proteintech, Wuhan, 
China) for 1.5 h in the dark at room temperature. After wash-
ing with PBS, nuclei were stained with DAPI (Sigma, USA).

Immunohistochemistry

Ovary tissues collected from different treatment groups were 
formalin-fixed and paraffin-embedded at 4°C overnight. 
Ovary tissues were sectioned to 10 μm-thick slices. The sec-
tions were deparaffinized, dehydrated, and treated with 3% 
hydrogen peroxide in methanol. Then the slides were incu-
bated with VEGF, EGR1, or SOX9 antibody at 4℃ over-
night, followed by incubation and biotinylated by secondary 
antibodies. Then the slides were stained with haematoxylin 
and visualized under a light microscope.

Statistical Analysis

All data are expressed as mean ± SD from three independent 
experiments. Statistical analysis was performed using the 
GraphPad Prism 8 software. Difference between two groups 
as compared used the Student t test, while comparisons 
among multiple groups were analyzed by one-way ANOVA 
with Tukey’s multiple comparison test. Statistical signifi-
cance was defined as P < 0.05.

Results

EGR1 and SOX9 Are Upregulated in Ovarian 
Granulosa Cells

To identify potential regulatory genes involved in OHSS pro-
gression, RNA sequencing was performed with granulosa 
cell samples from OHSS patients and normal women. The 
results showed that EGR1 and SOX9 were upregulated (Fig. 
1A). Quantitative Real-Time polymerase chain reaction 
(qRT-PCR) assay further confirmed the increased mRNA 
levels of EGR1 and SOX9 in granulosa cells from OHSS 
patients compared with those in granulosa cells from normal 
women (Fig. 1B, C). In addition, EGR1 expression was posi-
tively associated with SOX9 expression (Fig. 1D). Together, 
these results indicated that EGR1 and SOX9 might be 
involved in OHSS progression.

EGR1 and SOX9 Expressions Are Significantly 
Increased in Ovaries of OHSS Mice

To verify the function of EGR1 and SOX9 in OHSS, an 
experimentally established OHSS mouse model was utilized. 
HE staining showed that the size of ovaries was remark-
edly increased in OHSS mice compared with control mice 
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(Fig. 2A). VEGF is commonly used as a marker of OHSS33. 
Consistently, a significant elevation in VEGF level was 
observed in ovary tissues of OHSS mice in comparison with 
ovary tissues of control mice (Fig. 2B). These results indi-
cated that the OHSS mouse model was constructed success-
fully. In addition, we observed that the expression levels of 
EGR1 and SOX9 were also obviously enhanced in ovaries of 
OHSS mice, when comparing with those in ovaries of con-
trol mice (Fig. 2C).

HCG Induces EGR1 and SOX9 Expression in 
KGN Cells

KGN is a cell line derived from human ovarian granulosa 
cell tumors, which is often used to study the function of 
normal granulosa cells35. To investigate the implication of 
EGR1 and SOX9 in OHSS at the cell level, an hCG-induced 
OHSS cell model was used. After treating KGN cells with 
hCG, the mRNA level of VEGF was significantly increased 
(Fig. 3A). Consistently, the concentration of VEGF in the 

culture medium of hCG-treated KGN cells was remarkably 
elevated compared with control cells (Fig. 3B). Western 
blot analysis also displayed that the protein level of VEGF 
was much higher in hCG-treated KGN cells than that in 
control cells (Fig. 3C). The aforementioned results indi-
cated that the hCG-induced OHSS cell model was estab-
lished successfully. Then, we determined the abundance of 
EGR1 and SOX9 in hCG-treated KGN cells. The mRNA 
levels of EGR1 and SOX9 were significantly increased 
(Fig. 3D, F) and immunofluorescence staining showed that 
protein levels of EGR1 and SOX9 were obviously enhanced 
in hCG-induced KGN cells compared with control cells 
(Fig. 3E, G).

EGR1 Promotes OHSS Progression Through 
Transcriptional Regulation of SOX9

To verify the activity of ERG1 in OHSS development, we 
knocked down EGR1 in KGN cells with three siRNA 
sequences. si-EGR1-3 was most efficient and was chosen 

Figure 1. EGR1 and SOX9 are upregulated in ovarian granulosa cells from OHSS patients. (A) RNA-sequencing determining the 
differently expressed genes in ovarian granulosa cells from OHSS patients and normal women. (B) qRT-PCR assay examining the mRNA 
level of EGR1 in ovarian granulosa cells. (C) qRT-PCR assay examining the mRNA level of SOX9 in ovarian granulosa cells. (D) The 
association between EGR1 and SOX9. SOX9: SRY-box transcription factor 9; OHSS: ovarian hyperstimulation syndrome; qRT-PCR: 
Quantitative Real-Time polymerase chain reaction; EGR1: early growth response protein 1.
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for further experiments (Fig. 4A). qRT-PCR and immuno-
fluorescence analysis revealed that silencing EGR1 
resulted in a significant downregulation in hCG-induced 
VEGF expression at both mRNA and protein levels (Fig. 
4B, C). hCG treatment elevated the mRNA expression of 
SOX9 in KGN cells and this effect was reversed by deple-
tion of EGR1 (Fig. 4D). In agreement with this result, 
silencing of EGR1 decreased the fluorescence intensity of 
SOX9 that was increased by hCG (Fig. 4E). Given that 
EGR1 is a transcription regulator, we hypothesized that 
EGR1 promoted SOX9 expression through transcription. 
As expected, luciferase reporter assay displayed that over-
expression of EGR1 markedly enhanced the luciferase 
activity of SOX9 promoter (Fig. 5A). The direct interac-
tion between EGR1 and SOX9 promoter is required for 
EGR1 to regulate SOX9 transcription. Consistently, the 
CHIP assay showed that EGR1 immunoprecipitated the 
promoter of SOX9 (Fig. 5B). Collectively, these data 

indicated that EGR1 contributes to OHSS progression 
through modulation of SOX9 transcription.

Dopamine Suppresses OHSS Progression 
Through EGR1/SOX9 Axis

Next, we explored the therapeutic effect of dopamine on 
OHSS progression in vitro. hCG treatment markedly ele-
vated VEGF mRNA level in KGN cells and administration 
of dopamine suppressed this enhancement (Fig. 6A). ELISA 
assay showed that hCG increased VEGF content in the cul-
ture medium of KGN cells and this enhancement was abol-
ished upon dopamine exposure (Fig. 6B). Immunofluorescence 
staining also showed that hCG-induced VEGF protein 
expression was reduced by the treatment of dopamine (Fig. 
6C). These data indicated that dopamine protects against 
OHSS progression. In addition, treatment with dopamine 
reduced the mRNA levels of EGR1 and SOX9 

Figure 2. EGR1 and SOX9 expressions are elevated in ovaries from OHSS mice. (A) HE staining of ovary tissues from OHSS mice and 
control mice. (B) Immunofluorescence staining detecting the levels of EGR1 and SOX9 in ovaries from OHSS mice and control mice. (C) 
Immunochemistry analysis determining the expression of VEGF in ovary tissues from OHSS mice and control mice. EGR1: early growth 
response protein 1; SOX9: SRY-box transcription factor 9; OHSS: ovarian hyperstimulation syndrome; HE: Hematoxylin-eosin; VEGF: 
vascular endothelial growth factor; DAPI: 4,’6-diamidino-2-phenylindole.
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in hCG-treated KGN cells (Fig. 7A, B). Consistently, the 
protein expressions of EGR1 and SOX9, which were 
increased by hCG, were also decreased by dopamine (Fig. 
7C). Collectively, these results suggested that dopamine 
hampers OHSS through suppression of EGR1/SOX9 
expression.

Dopamine Attenuates the Pathogenesis of OHSS 
in Mice

To further investigate the effect of dopamine in OHSS pro-
gression, an OHSS mouse model was used. The results 
showed that the ovary size, body weight, and ovary weight 
were markedly increased in the OHSS group compared with 

the control group. However, administration of dopamine 
attenuated these parameters in OHSS mice (Figure 8A–C). 
Immunohistochemistry analysis revealed that the protein 
level of VEGF was elevated in the ovaries of the OHSS mice 
and this increase was blocked by dopamine (Fig. 8D). 
Moreover, administration of dopamine reduced the levels of 
EGR1 and SOX9 in the OHSS mice (Fig. 8E). Together, 
these results implied that dopamine ameliorates OHSS pro-
gression through the EGR1/SOX9 cascade.

Discussion

Severe OHSS is a life-threatening problem. In this study, 
using both mouse and cell models, we found that EGR1 and 

Figure 3. VEGF, EGR1, and SOX9 levels are increased in hCG-induced KGN cells. (A) qRT-PCR analysis of the mRNA level of VEGF 
in hCG-treated KGN cells. (B) ELISA determining the content of VEGF in the culture medium of hCG-treated KGN cells. (C) Western 
blot analysis of the protein expression of VEGF in KGN cells treated with hCG. (D) qRT-PCR analysis of the mRNA level of EGR1 in 
control and hCG-treated KGN cells. (E) Immunofluorescence staining examining the levels of EGR1 and SOX9 in hCG-treated KGN 
cells. (F) qRT-PCR analysis of the mRNA level of SOX9 in hCG-treated KGN cells. (G) Immunofluorescence staining determining the 
levels of EGR1 and SOX9 in hCG-treated KGN cells. VEGF: vascular endothelial growth factor; EGR1: early growth response protein 
1; SOX9: SRY-box transcription factor 9; hCG: human chorionic gonadotropin; KGN: human granulosa-like tumor cell line; qRT-PCR: 
Quantitative Real-Time polymerase chain reaction; OHSS: ovarian hyperstimulation syndrome; DAPI: 4,’6-diamidino-2-phenylindole; 
ELISA: enzyme-linked immunosorbent assay; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. *P < 0.05; **P < 0.01.



Wang et al 7

Figure 4. Silencing EGR1 inhibits hCG-induced VEGF and SOX9 expression in KGN cells. (A) The knockdown efficiency of siRNAs (si-
EGR1-1, si-EGR1-2, and si-EGR1-3) for EGR1 was determined by qRT-PCR. (B, C) qRT-PCR and immunofluorescence staining showing 
that silencing EGR1 decreased the mRNA and protein expression of VEGF in KGN cells treated with hCG. (D, E) qRT-PCR and 
immunofluorescence staining showing that knockdown of EGR1 reduced the mRNA and protein levels of SOX9 in KGN cells treated 
with hCG. EGR1: early growth response protein 1; hCG: human chorionic gonadotropin; VEGF: vascular endothelial growth factor; 
SOX9: SRY-box transcription factor 9; KGN: human granulosa-like tumor cell line; qRT-PCR: Quantitative Real-Time polymerase chain 
reaction; DAPI: 4,’6-diamidino-2-phenylindole. **P < 0.01.

Figure 5. EGR1 binds to the SOX9 promoter. (A) Luciferase reporter assay determining the effect of overexpression of EGR1 on the 
SOX9 promoter. (B) CHIP and electrophoresis analysis of the direct binding of EGR1 and the SOX9 promoter. EGR1: early growth 
response protein 1; SOX9: SRY-box transcription factor 9; CHIP: chromatin immunoprecipitation; OE-NC: overexpression-negative 
control; IgG: immunoglobulin G. **P < 0.01.
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SOX9 are involved in OHSS progression. Moreover, we 
confirmed the preventive activity of dopamine in OHSS and 
demonstrated that dopamine ameliorates OHSS by inactiva-
tion of the EGR1/SOX9 signaling.

Angiogenesis-related proteins are closely associated with 
the pathophysiology of OHSS36,37. EGR1 is a key regulator 
of angiogenesis38. It has been reported that EGR1 expression 
can be upregulated by hCG in granulosa cells, which is 
related to follicle maturation and ovulation39. Treatment with 
GnRH antagonist cetrorelix decreases EGR1 and VEGF 
expression and thus meliorates moderate and severe OHSS11. 
In rats, EGR1 binds to the promoter of Tie1 and enhances its 
transcription, thus triggering the progression of OHSS40. In 
agreement with these findings, we found that ERG1 expres-
sion was upregulated in ovarian granulosa cells of OHSS 
patients and ovaries of OHSS-modeled mice, as well as in 
hCG-treated KGN cells. VEGF is a key mediator involved in 
OHSS, which can be induced by hCG and elevates vascular 
hyperpermeability33. Agents or factor commonly regulate 
OHSS progression through modulation of VEGF expres-
sion41,42. Yang et al.43 have reported that EGR1 inhibits the 

migration and angiogenesis of HTR-8/SVneo cells through 
downregulation of VEGF. Consistently, our results showed 
that silencing EGR1 reduced the level of VEGF that was 
elevated by hCG and thus contributed to the development of 
OHSS.

SOX9 is a transcription regulator that plays a central role 
in many cellular processes including angiogenesis. It has 
been reported that SOX9 expression is associated with 
angiogenesis in patients with gastric cancer44. Exosome 
circCMTM3 enhances angiogenesis in liver cancer through 
regulation of miR-3619-5p/SOX9 cascade24. Overexpression 
of miR-206 inhibits angiogenesis and invasion of TNBC 
cells through downregulation of SOX945. However, the 
function of SOX9 in OHSS has not been reported. In this 
study, we found that SOX9 expression was increased in 
ovarian granulosa cells of OHSS patients and ovarian tis-
sues of OHSS mice. It has been reported that depletion of 
SOX influences the expression of VEGF and alters the pro-
liferation and migration of mesenchymal stem cells46. Here, 
we found that hCG increased VEGF expression, which was 
companied with elevated ERG1 and SOX9 expression. 

Figure 6. Dopamine inhibits hCG-induced VEGF expression in KGN cells. (A) qRT-PCR determining the mRNA level of VEGF in KGN 
cells treated with hCG alone or together with dopamine. (B) ELISA examining the content of VEGF in the culture medium of KGN 
cells treated with hCG alone or together with dopamine. (C) Immunofluorescence staining detecting the protein expression of VEGF in 
KGN cells treated with hCG alone or together with dopamine. hCG: human chorionic gonadotropin; VEGF: vascular endothelial growth 
factor; KGN: human granulosa-like tumor cell line; qRT-PCR: Quantitative Real-Time polymerase chain reaction; DAPI: 4,’6-diamidino-2-
phenylindole; ELISA: enzyme-linked immunosorbent assay. *P < 0.05; **P < 0.01.
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Previous studies demonstrated that SOX9 is a downstream 
effector of ERG132. Consistently, we found that EGR1 
directly bound to the promoter of SOX9 and modulated 
SOX9 expression. Taken together, our results implied that 
EGR1 modulates VEGF expression through regulation of 
SOX9.

Dopamine is a neurotransmitter that plays a critical role 
in many biological processes47. A number of studies have 
been conducted to test the usage of dopamine agonists in 
preventing OHSS27–29,48. Dopamine has been reported to 
decrease VEGF expression and VEGFR2 phosphorylation 
to inhibit pulmonary edema49. Our results verified that 
dopamine could significantly reduce VEGF expression in 
hCG-treated KGN cells and ameliorate OHSS in mice, 

confirming the preventive potential of dopamine in OHSS. 
Moreover, we found that the expression levels of EGR1 and 
SOX9 were downregulated upon dopamine in both ovaries 
of OHSS mice and hCG-treated KGN cells. Therefore, our 
data indicated that dopamine alleviates OHSS through inac-
tivation of the EGR1/SOX9 axis.

In this study, we found that EGR1 and SOX9 are increased 
in granulosa cells from patients with OHSS. Our further 
experiments verified that EGR1 promotes the progression of 
OHSS through transcriptionally regulated SOX9. Moreover, 
our data revealed that dopamine protects against OHSS 
through the EGR1/SOX9 cascade. Our findings indicate that 
EGR1 may serve as a potential target for the treatment of 
OHSS.

Figure 7. Dopamine suppresses hCG-induced EGR1 and SOX9 expression in KGN cells. (A) qRT-PCR analysis of the mRNA level of 
EGR1 in KGN cells treated with hCG alone or together with dopamine. (B) qRT-PCR analysis of the mRNA level of SOX9 in KGN cells 
treated with hCG alone or together with dopamine. (C) Immunofluorescence staining determining the protein levels of EGR1 and SOX9 
in KGN cells treated with hCG alone or together with dopamine. hCG: human chorionic gonadotropin; EGR1: early growth response 
protein 1; SOX9: SRY-box transcription factor 9; KGN: human granulosa-like tumor cell line; qRT-PCR: Quantitative Real-Time 
polymerase chain reaction; OHSS: ovarian hyperstimulation syndrome; DAPI: 4,’6-diamidino-2-phenylindole. *P < 0.05.
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Figure 8. Dopamine inhibits the pathogenesis of OHSS by downregulation of EGR1 and SOX9. (A) Representative ovaries from different 
treatment groups (Control, OHSS, and OHSS+dopamine). (B) Body weight of different treatment groups. (C) Ovarian weight of different 
treatment groups was determined. (D) Immunofluorescence staining determining the protein level of VEGF in ovaries of different groups. 
(E) Immunochemistry staining determining the protein levels of EGR1 and SOX9 in ovaries of different groups. *P < 0.05.

mailto:wanghuihui@gzhmu.edu.cn


Wang et al 11

ORCID iD

Huihui Wang  https://orcid.org/0000-0003-3607-3212

References

 1. Kumar P, Sait SF, Sharma A,  Kumar M. Ovarian hyperstimu-
lation syndrome. J Hum Reprod Sci. 2011;4:70–75.

 2. Papanikolaou EG, Humaidan P, Polyzos N, Kalantaridou S, 
Kol S, Benadiva C, Tournaye H,  Tarlatzis B. New algorithm 
for OHSS prevention. Reprod Biol Endocrinol. 2011;9:147.

 3. Papanikolaou EG, Pozzobon C, Kolibianakis EM, Camus M, 
Tournaye H, Fatemi HM, Van Steirteghem A,  Devroey P. 
Incidence and prediction of ovarian hyperstimulation syndrome 
in women undergoing gonadotropin-releasing hormone antago-
nist in vitro fertilization cycles. Fertil Steril. 2006;85(1):112–20.

 4. Toftager M, Bogstad J, Bryndorf T, Løssl K, Roskær J, Holland 
T, Prætorius L, Zedeler A, Nilas L,  Pinborg A. Risk of severe 
ovarian hyperstimulation syndrome in GnRH antagonist versus 
GnRH agonist protocol: RCT including 1050 first IVF/ICSI 
cycles. Hum Reprod. 2016;31(6):1253–64.

 5. Vloeberghs V, Peeraer K, Pexsters A,  D’Hooghe T. Ovarian 
hyperstimulation syndrome and complications of ART. Best 
Pract Res Clin Obstet Gynaecol. 2009;23(5):691–709.

 6. Kasum M, Vrčić H, Stanić P, Ježek D, Orešković S, Beketić-
Orešković L,  Pekez M. Dopamine agonists in prevention of 
ovarian hyperstimulation syndrome. Gynecol Endocrinol. 
2014;30(12):845–49.

 7. Mathur R, Kailasam C,  Jenkins J. Review of the evidence base 
of strategies to prevent ovarian hyperstimulation syndrome. 
Hum Fertil (Camb). 2007;10(2):75–85.

 8. Bakırcı Ş, Sağsöz N, Devrim T, Şahin Y, Bulanık M,  
Gözüyukarı H. Effect of ondansetron for preventing of ovar-
ian hyperstimulation syndrome: in an experimental rat model. 
Gynecol Endocrinol. 2022;38(12):1093–96.

 9. Gómez R, Simón C, Remohí J,  Pellicer A. Vascular endothe-
lial growth factor receptor-2 activation induces vascular per-
meability in hyperstimulated rats, and this effect is prevented 
by receptor blockade. Endocrinology. 2002;143(11):4339–48.

 10. Liu W, Zhang C, Wang L, Huang X, Zhang J, He Y, Chen L,  
Li J. Successful reversal of ovarian hyperstimulation syndrome 
in a mouse model by rapamycin, an mTOR pathway inhibitor. 
Mol Hum Reprod. 2019;25:445–57.

 11. Zeng C, Shang J, Jin AM, Wu PL, Li X,  Xue Q. The effect 
of luteal GnRH antagonist on moderate and severe early ovar-
ian hyperstimulation syndrome during in vitro fertilization 
treatment: a prospective cohort study. Arch Gynecol Obstet. 
2019;300(1):223–33.

 12. Havis E,  Duprez D. EGR1 transcription factor is a multifac-
eted regulator of matrix production in tendons and other con-
nective tissues. Int J Mol Sci. 2020;21:1664.

 13. Wang B, Guo H, Yu H, Chen Y, Xu H,  Zhao G. The role 
of the transcription factor EGR1 in cancer. Front Oncol. 
2021;11:642547.

 14. Sun L, Tian H, Xue S, Ye H, Xue X, Wang R, Liu Y, Zhang C, 
Chen Q,  Gao S. Tie1 contributes to the development of ovarian 
hyperstimulation syndrome under the regulation of EGR1 in 
granulosa cells. Exp Mol Med. 2022;54(1):81–90.

 15. Kamachi Y,  Kondoh H. Sox proteins: regulators of 
cell fate specification and differentiation. Development. 
2013;140(20):4129–44.

 16. Lefebvre V, Angelozzi M,  Haseeb A. SOX9 in cartilage devel-
opment and disease. Curr Opin Cell Biol. 2019;61:39–47.

 17. Liu Y, Zhuo S, Zhou Y, Ma L, Sun Z, Wu X, Wang XW, Gao 
B,  Yang Y. Yap-Sox9 signaling determines hepatocyte plas-
ticity and lineage-specific hepatocarcinogenesis. J Hepatol. 
2022;76(3):652–64.

 18. Huang JQ, Wei FK, Xu XL, Ye SX, Song JW, Ding PK, Zhu J, 
Li HF, Luo XP, Gong H, Su L, et al. SOX9 drives the epithelial-
mesenchymal transition in non-small-cell lung cancer through 
the Wnt/beta-catenin pathway. J Transl Med. 2019;17:143.

 19. Jana S, Madhu Krishna B, Singhal J, Horne D, Awasthi S, 
Salgia R,  Singhal SS. SOX9: the master regulator of cell fate 
in breast cancer. Biochem Pharmacol. 2020;174:113789.

 20. Liang X, Duronio GN, Yang Y, Bala P, Hebbar P, Spisak S, 
Sahgal P, Singh H, Zhang Y, Xie Y, Cejas P, et al. An enhancer-
driven stem cell-like program mediated by SOX9 blocks intes-
tinal differentiation in colorectal cancer. Gastroenterology. 
2022;162(1):209–22.

 21. Dy P, Wang W, Bhattaram P, Wang Q, Wang L, Ballock RT,  
Lefebvre V. Sox9 directs hypertrophic maturation and blocks 
osteoblast differentiation of growth plate chondrocytes. Dev 
Cell. 2012;22:597–609.

 22. Yagi R, McBurney D,  Horton WE Jr. Bcl-2 positively regu-
lates Sox9-dependent chondrocyte gene expression by sup-
pressing the MEK-ERK1/2 signaling pathway. J Biol Chem. 
2005;280:30517–25.

 23. Wang YF, Dang HF, Luo X, Wang QQ, Gao C,  Tian YX. 
Downregulation of SOX9 suppresses breast cancer cell prolif-
eration and migration by regulating apoptosis and cell cycle 
arrest. Oncol Lett. 2021;22(1):517.

 24. Hu K, Li NF, Li JR, Chen ZG, Wang JH,  Sheng LQ. 
Exosome circCMTM3 promotes angiogenesis and tumorigen-
esis of hepatocellular carcinoma through miR-3619-5p/SOX9. 
Hepatol Res. 2021;51(11):1139–52.

 25. Zhao J, Li H,  Yuan M. EGR1 promotes stemness and predicts 
a poor outcome of uterine cervical cancer by inducing SOX9 
expression. Genes Genomics. 2021;43(5):459–70.

 26. Berezhnov AV, Fedotova EI, Sergeev AI, Teplov IY,  Abramov 
AY. Dopamine controls neuronal spontaneous calcium oscilla-
tions via astrocytic signal. Cell Calcium. 2021;94:102359.

 27. Spitzer D, Wogatzky J, Murtinger M, Zech MH, Haidbauer 
R,  Zech NH. Dopamine agonist bromocriptine for the pre-
vention of ovarian hyperstimulation syndrome. Fertil Steril. 
2011;95:2742–44.

 28. Busso C, Fernández-Sánchez M, García-Velasco JA, Landeras 
J, Ballesteros A, Muñoz E, González S, Simón C, Arce JC,  
Pellicer A. The non-ergot derived dopamine agonist quinagolide 
in prevention of early ovarian hyperstimulation syndrome in 
IVF patients: a randomized, double-blind, placebo-controlled 
trial. Hum Reprod. 2010;25(4):995–1004.

 29. Hwang JL, Lin YH,  Seow KM. Failure of cabergoline to pre-
vent severe ovarian hyperstimulation syndrome in patients 
with extremely high estradiol levels. Int J Gynaecol Obstet. 
2010;108(2):159–60.

 30. Tang H, Mourad SM, Wang A, Zhai SD,  Hart RJ. Dopamine 
agonists for preventing ovarian hyperstimulation syndrome. 
Cochrane Database Syst Rev. 2021;4:CD008605.

 31. Practice Committee of the American Society for Reproductive 
Medicine. Practice Committee of the American Society for 
Reproductive, Prevention and treatment of moderate and 

https://orcid.org/0000-0003-3607-3212


12 Cell Transplantation

severe ovarian hyperstimulation syndrome: a guideline. Fertil 
Steril. 2016;106:1634–47.

 32. Chen JW, Huang MJ, Chen XN, Wu LL, Li QG, Hong Q, Wu J, 
Li F, Chen LM, Dong Y, Cai GY, et al. Transient upregulation of 
EGR1 signaling enhances kidney repair by activating SOX9(+) 
renal tubular cells. Theranostics. 2022;12(12):5434–50.

 33. Chuderland D, Ben-Ami I, Kaplan-Kraicer R, Grossman H, 
Ron-El R,  Shalgi R. The role of pigment epithelium-derived 
factor in the pathophysiology and treatment of ovarian hyper-
stimulation syndrome in mice. J Clin Endocrinol Metab. 
2013;98(2):E258–66.

 34. Fainaru O, Hornstein MD,  Folkman J. Doxycycline inhibits 
vascular leakage and prevents ovarian hyperstimulation syn-
drome in a murine model. Fertil Steril. 2009;92(5):1701–705.

 35. Havelock JC, Rainey WE,  Carr BR. Ovarian granulosa cell 
lines. Mol Cell Endocrinol. 2004;228:67–78.

 36. Huang J, Mao Y, Li Q, Hong H, Tang N, Kang X, Huang 
Y, Liu J, Gong Q, Yao Y,  Li L. Kallistatin prevents ovarian 
hyperstimulation syndrome by regulating vascular leakage. J 
Cell Mol Med. 2022;26(16):4613–23.

 37. Sanli C, Atilgan R, Kuloglu T, Pala S, Aydin Turk B, Keser 
HB,  Ilhan N. Transient receptor potential melastatin 2 ion 
channel activity in ovarian hyperstimulation syndrome physio-
pathology. Turk J Med Sci. 2021;51:787–95.

 38. Sheng J, Liu D, Kang X, Chen Y, Jiang K,  Zheng W. Egr-1 
increases angiogenesis in cartilage via binding Netrin-1 recep-
tor DCC promoter. J Orthop Surg Res. 2018;13:125.

 39. Espey LL, Ujioka T, Russell DL, Skelsey M, Vladu B, Robker 
RL, Okamura H,  Richards JS. Induction of early growth 
response protein-1 gene expression in the rat ovary in response 
to an ovulatory dose of human chorionic gonadotropin. 
Endocrinology. 2000;141(7):2385–91.

 40. Cook BD, Ferrari G, Pintucci G,  Mignatti P. TGF-beta1 
induces rearrangement of FLK-1-VE-cadherin-beta-catenin 
complex at the adherens junction through VEGF-mediated sig-
naling. J Cell Biochem. 2008;105:1367–73.

 41. Pala Ş, Atilgan R, Ozkan ZS, Kavak SB, Ilhan N, Akpolat N,  
Sapmaz E. Effect of varying doses of tamoxifen on ovarian his-
topathology, serum VEGF, and endothelin 1 levels in ovarian 
hyperstimulation syndrome: an experimental study. Drug Des 
Devel Ther. 2015;9:1761–66.

 42. Sanli C, Atilgan R, Kuloglu T, Pala S,  Ilhan N. The investi-
gation of cholinergic receptor muscarinic 1 activity in the rat 
ovary with induced ovarian hyperstimulation. Turk J Obstet 
Gynecol. 2023;20:53–58.

 43. Yang W, Lu Z, Zhi Z, Liu L, Deng L, Jiang X,  Pang L. 
Increased miRNA-518b inhibits trophoblast migration and 
angiogenesis by targeting EGR1 in early embryonic arrest dag-
ger. Biol Reprod. 2019;101:664–74.

 44. Lei L, He L, Chen K,  Lv Z. The expression of SOX9, Tiam1, 
and PTEN is correlated with angiogenesis and prognosis  
in gastric cancer. Transl Cancer Res. 2020;9(6):3998– 
4004.

 45. Liang Z, Bian X,  Shim H. Downregulation of microRNA-206 
promotes invasion and angiogenesis of triple negative breast 
cancer. Biochem Biophys Res Commun. 2016;477:461–66.

 46. Bie Q, Zhai R, Chen Y, Li Y, Xie N, Wang B, Yuan P, Zhou 
X, Cong H, Chang X, Xiong H, et al. Sox9 is crucial for mes-
enchymal stem cells to enhance cutaneous wound healing. Int J 
Stem Cells. 2021;14:465–74.

 47. Liu Y,  McNally GP. Dopamine and relapse to drug seeking. J 
Neurochem. 2021;157:1572–84.

 48. Atilgan R, Pala Ş, Yavuzkır Ş, Başpınar M, Yılmaz M,  Ilhan 
N. What is the impact of short- and long-term supplementa-
tion of either cabergoline or clarithromycin on resolving rat 
ovarian hyperstimulation syndrome (OHSS) model? J Obstet 
Gynaecol. 2019;39(5):687–94.

 49. Vohra PK, Hoeppner LH, Sagar G, Dutta SK, Misra S, 
Hubmayr RD,  Mukhopadhyay D. Dopamine inhibits pul-
monary edema through the VEGF-VEGFR2 axis in a murine 
model of acute lung injury. Am J Physiol Lung Cell Mol 
Physiol. 2012;302:L185–92.


