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Abstract
Background Gastric cancer (GC) is a leading cause of cancer-related mortality worldwide, because of the low efficacy of 
current therapeutic strategies. Estrogen-related receptor γ (ERRγ) was previously showed as a suppressor of GC. However, 
the mechanism and effective therapeutic method based on ERRγ is yet to be developed.
Methods The expression levels of ERRγ, EZH2, and FOXM1 were detected by immunohistochemistry, qRT-PCR, and 
western blot. The regulatory mechanisms of ERRγ and FOXM1 were analyzed by ChIP, EMSA, and siRNA. The effects of 
EZH2 inhibitor (GSK126) or/and ERRγ agonist (DY131) on the tumorigenesis of gastric cancer cell lines were examined 
by cell proliferation, transwell migration, wound healing, and colony formation assays. Meanwhile, the inhibitory effects of 
GSK126 or/and DY131 on tumor growth were analyzed by xenograft tumor growth assay.
Results The expression of ERRγ was suppressed in tumor tissues of GC patients and positively correlated with prognosis, as 
opposed to that of EZH2 and FOXM1. EZH2 transcriptionally suppressed ERRγ via H3K27me3, which subsequently acti-
vated the expression of master oncogene FOXM1. The combination of GSK126 and DY131 synergistically activated ERRγ 
expression, which subsequently inhibited the expression of FOXM1 and its regulated pathways. Synergistic combination of 
GSK126 and DY131 significantly inhibited the tumorigenesis of GC cell lines and suppressed the growth of GC xenograft.
Conclusion The FOXM1 signaling pathway underlying the ERRγ-mediated gastric cancer suppression was identified. Fur-
thermore, combined treatment with EZH2 inhibitor and ERRγ agonist synergistically suppressed GC progression by inhibit-
ing this signaling pathway, suggesting its high potential in treating GC patients.
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Introduction

Gastric cancer (GC), also known as stomach cancer, is a 
disease in which malignant cells form in the lining of the 
stomach, and is anatomically divided into non-cardia and 
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cardia gastric cancers [1]. GC has a high incidence (> 20 per 
100,000 in men) in China, Japan, Latin America, and East-
ern Europe [2]. According to 2012 statistics, 260,000 and 
691,000 cases corresponded to cardia and non-cardia gastric 
cancers, respectively [3]. According to 2018 estimates, GC 
caused over 780,000 deaths and ranked as the third lead-
ing cause of cancer death worldwide [4]. In most cases, GC 
is diagnosed at an advanced stage due to its asymptomatic 
features at its early stages, which results in poor prognosis 
of patients after resection [5]. Therefore, identification of 
underlying mechanisms and key genes during the onset of 
GC is important for developing innovative strategies for its 
prevention, early detection, and treatment.

GC is a multifactorial cancer, and both genetic and envi-
ronmental factors have a role in its etiology. Common risk 
factors for both cardia and non-cardia GC include, older 
age, male sex, obesity, family history, tobacco smoking, 
radiation, and Helicobacter pylori (H. pylori) infection 
[1]. In particular, H. pylori infection is the most positively 
associated with GC onset, causing 65–80% of all GC cases 
annually [6]. The development of GC is a consequence of 
complex interactions of microbial agents with environmental 
and host factors, resulting in the dysregulation of multiple 
oncogenic and tumor-suppressing signaling pathways [7, 8]. 
Horvat et al. showed that H. pylori induced ubiquitination 
and degradation of the tumor suppressor p14ARF, inhibit-
ing autophagy in GC [9]; meanwhile, Hu et al. observed 
that H. pylori down-regulated tumor suppressor activi-
ties of RACK1 [10]. Additionally, Holokai et al. demon-
strated that H. pylori induced PD-L1 expression in gastric 
epithelial cells, which protected cells from the immune 
response, and promoted the progress of premalignant 
lesions to gastric cancer [11]. Additionally, bacteria such 

as Peptostreptococcus stomatis, Streptococcus anginosus, 
Parvimonas micra, Slackia exigua, Dialister pneumosintes, 
Clostridium, and Fusobacterium species are also frequently 
abundant in patients with GC [12, 13]. Besides bacterial 
infection, many mutations in genes, e.g., CDH1, CTNNA1, 
TP53, APC, or STK11, have also been identified as causes 
of GC [14–16]. Therefore, the molecular characteristics of 
GCs are complex and heterogeneous. Recent comprehensive 
molecular profiling of GC proposed four molecular subtypes 
in GC patients: Epstein-Barr virus-associated, microsatel-
lite instable, chromosomal instable, and genomically stable 
carcinomas [17, 18]. The biological complexity of GC has 
hampered the discovery of universal molecular targets and 
subsequent implementation of effective targeted therapies. 
Thus, a better understanding of the molecular drivers of GC 
pathophysiology is essential for the identification of novel 
and effective therapeutic targets. A recent study indicated 
that ERRγ was generally expressed in low levels in GC sam-
ples, and the ERRγ agonist, DY131, significantly inhibited 
proliferation of GC cells [19]. However, the regulatory 
mechanism of ERRγ in GC is still unclear. In general, epi-
genetic alterations, including DNA methylation and histone 
modification (e.g., H3K27me3), are deeply involved in the 
development and progression of gastric cancers [20]. Thus, 
we mainly focused on the regulatory mechanism of ERRγ 
in GC on the aspect of epigenetic changes.

Currently, some identified molecules have been used as 
therapeutic targets in GC, e.g., epidermal growth factor 
receptor (EGFR) and the EGFR-related receptor-HER2, 
c-MET, mTOR, Pan-HER, VEGF, and PD-1 [5]. However, 
most of the treatments targeting these molecules were 
unsatisfactory. The EGFR protein is overexpressed in most 
GCs; however, the trials that used anti-EGFR antibodies 
such as cetuximab (EXPAND Trial), and panitumumab 
(REAL3 Trial) failed to improve survival of patients [21, 
22]. Trastuzumab, a monoclonal antibody interfering with 
the activation of HER2, was the first targeted agent that 
significantly improved patient survival in the treatment of 
GC; however, its major drawback was the emergence of 
trastuzumab resistance [23]. Bevacizumab, a monoclonal 
antibody against VEGF-A, failed in phase 3 trial [24]. 
Clinically, combination therapy is superior to monother-
apy in cancer treatment, as discussed in the following sen-
tences [5, 25]. The combination of MAOA inhibitors and 
the survivin suppressants (YM155 and SC144) showed 
significant synergism in the inhibition of prostate cancer 
[26]. The combination of simvastatin and metformin syn-
ergistically inhibited endometrial cancer cell growth [27]. 

Fig. 1  EZH2 negatively regulated the expression of ERRγ by 
H3K27me3. a Relative ESRRG  mRNA levels in LNCaP and DU145 
cells treated or not with GSK126 (GEO database: GSE80239 and 
GSE85431). b Correlation analysis of the expression of ERRγ and 
EZH2 in 78 gastric adenocarcinoma patients. c The ESRRG  mRNA 
levels in EZH2 knockdown MGC803 and SGC7901 cells. d The pro-
tein levels of ERRγ in EZH2 knockdown MGC803 and SGC7901 
cells. e The ESRRG  mRNA levels in EZH2 overexpressed NCI-N87 
and HGC27 cells. f The protein levels of ERRγ in EZH2 overex-
pressed NCI-N87 and HGC27 cells. g The protein levels of ERRγ and 
H3K27me3 in AGS and MGC803 cells after GSK126 treatment. h 
ChIP analysis of the enrichment of H3K27me3 on the ESRRG  pro-
moter after EZH2 overexpression or knockdown (MGC803). kb is 
the distance from the TSS site of ESRRG . All experiments were per-
formed in triplicate, and the values given represent the mean ± SD of 
three independent experiments. Statistical significance was defined as 
*p < 0.05, **p < 0.01, ***p < 0.001
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The combination of trastuzumab with cisplatin resulted 
in promising antitumor activity and manageable toxic 
effects in patients with HER2 overexpressing advanced 
GC [28]. The combination of two antibodies (pertuzumab 
and trastuzumab) significantly enhanced therapy efficacy 
in HER2 positive GC [29]. Although few combined thera-
peutic strategies for GC treatment have been developed, 
more effective target molecules and treatment strategies 
are still needed, because of the complex and heterogene-
ous molecular characteristics of GC.

In this study, we investigated the mechanism of the 
tumor suppressor ERRγ and demonstrated the synergistic 
inhibitory effects of two chemicals targeting the identified 
pathway.

Materials and methods

Xenograft tumor growth assay

Female nude mice were purchased from HUNAN SJA 
LABORATORY ANIMAL company (Hunan, China) and 
maintained according to the animal experimentation guide-
lines and following the Regulations for the administration 
of Affairs Concerning Experimental Animals of Guangdong 
Province, China. All mouse experiments were approved 
and supervised by the Institutional Animal Care and Use 
Committee of SUN YAT-SEN University (IACUC No. 
L102022018120E). The mice (6–8 weeks old) were sub-
cutaneously injected with MGC803 cells to establish GC 
tumors. When tumors reached a volume of 100 mm3, mice 
were randomly divided into four groups (5 mice/group) and 
subcutaneously injected with or without 30 mg/kg of DY131 
or/and 50 mg/kg of GSK126 for 20 days. At the time of 
sacrifice, tumor volume and weight, and body weight were 
recorded.

Statistical analysis

All statistics were performed using SPSS 16.0 (IBM, 
USA). All variables were plotted using GraphPad Prism 
7.0 (USA). Statistically significant differences among 
more than two groups, which corresponded to values of 
***p < 0.001, **p < 0.01, or *p < 0.05, were determined 
using one-way analysis of variance, followed by Bon-
ferroni’s multiple comparison tests. Overall survival of 
patients was determined using the Kaplan–Meier method. 
The genomic data of GC patients are available from the 
TCGA database and NCBI Gene Expression Omnibus 
(GEO) under accession numbers (GSE80239, GSE85431, 
GSE14208 and GSE26253).

Results

ERRγ expression is transcriptionally suppressed 
by EZH2 via H3K27me3

Previous reports showed that low expression of ERRγ in 
several types of cancers predicts poor prognosis [19, 29, 
30]. In this study, it was further validated in 375 Chinese 
GC patients (Fig. S-1). Furthermore, overexpression of 
ERRγ significantly inhibited cell proliferation and migra-
tion, wound healing, and colony formation in GC cell lines, 
AGC and MGC803 (Fig. S2), suggesting that ERRγ was an 
important regulator of GC onset. Thus, it is important to 
clarify the regulatory mechanisms of ERRγ.

The database mining of GEO showed that the treatment 
of LnCaP, DU145, and Kelly cells with GSK126 (EZH2 
inhibitor) significantly up-regulated (p < 0.05) the expression 
of ESRRG  (Fig. 1a). Meanwhile, a significant negative corre-
lation between the levels of ERRγ and EZH2 in GC patients 
was observed in this study, suggesting that EZH2 might be 
a negative regulator of ERRγ expression in GC (Fig. 1b).

To investigate if EZH2 negatively regulates the expres-
sion of ERRγ in GC, the protein levels of ERRγ and EZH2 
in several gastric cancer cells were firstly analyzed by West-
ern blot (Fig. S3). Then, two of GC cell lines with high 
EZH2 expression (MGC803 and SGC7901) were used in 
EZH2 knockdown experiments and two of GC cell lines with 
low EZH2 expression (NCI-N87 and HGC27) were used 
in EZH2 overexpression experiments. Expectedly, knock-
down of EZH2 significantly up-regulated the expression of 
ERRγ in MGC803 and SGC7901 cells (Fig. 1c, d), while 
overexpression of EZH2 significantly down-regulated the 
expression of ERRγ in NCI-N87 and HGC27 cells (Fig. 1e, 
f). Consistently, the EZH2 inhibitor (GSK126) significantly 
up-regulated the expression of ERRγ in AGS and MGC803 
cells (Fig. 1g). Furthermore, ChIP analysis showed that 
H3K27me3, epigenetic modification to the DNA packaging 
protein histone H3, was enriched in the upstream region of 
ERRγ, when the EZH2 was overexpressed (Fig. 1h). Moreo-
ver, EZH2 knockdown significantly inhibited cell prolifera-
tion, wound healing, cell migration, and colony formation in 
AGC and MGC803 cell lines (Fig. S4). Finally, EZH2 was 
highly expressed in tumor tissues of 375 GC patients and its 
expression was negatively correlated with overall survival 
rate of the patients (Fig. S5). Altogether, these results sug-
gested that the expression of ERRγ and thus prognosis of 
GC patients were negatively regulated by EZH2 expression.
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ERRγ transcriptionally suppresses the expression 
of master oncogene FOXM1

To investigate the mechanism of ERRγ suppression in GC, 
oncogenes which may be directly regulated by ERRγ were 
investigated. Two ERRγ binding elements (ERRE) were 
found upstream of the master oncogene, FOXM1 (Fig. 2a), 
and further confirmed by ChIP and EMSA assays. ChIP 

analysis showed significant binding of ERRγ on two ERRE 
sites when ERRγ was overexpressed in MGC803 cells 
(Fig. 2b). Furthermore, EMSA analysis indicated that ERRγ 
directly bound to ERRE upstream of FOXM1 (Fig. 2c). On 
the other hand, when ERRγ proteins were overexpressed 
in MGC803, BGC823 and SGC7901 cells, the mRNA and 
protein levels of FOXM1 were significantly down-regulated 
(p < 0.01) (Fig. 2d, e).

Fig. 2  ERRγ inhibited FOXM1 expression via binding to its 
upstream ERRE elements. a Location and sequences of two ERREs 
in the FOXM1 promoter. b The enrichment of ERRγ on the FOXM1 
promoter was detected by ChIP assay after ERRγ overexpres-
sion. c EMSA detected the binding of ERRγ to the ERRE element 
on FOXM1 promoter. d, e The mRNA (d) and protein (e) levels of 

FOXM1 were detected by RT-qPCR and western blot after overex-
pression of ERRγ. All experiments were performed in triplicate, 
and the values given represent the mean ± SD of three independent 
experiments. Statistical significance was defined as **p < 0.01 or 
***p < 0.001
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Later, FOXM1 data were analyzed in TCGA and GEO 
databases. According to TCGA database, the expression of 
FOXM1 was significantly higher in tumors than in normal 
tissues (p < 0.001) (Fig. S6a). Consistently, GEO database 
(GSE14208 and GSE26253) indicated significant lower 
overall survival rate of GC patients with higher expression 
levels of FOXM1 (Fig. S6b). Altogether, ERRγ transcrip-
tionally inhibited the expression of FOXM1, which may be 
critical for GC patient prognosis.

Inhibition of EZH2 and activation of ERRγ 
synergistically inhibits GC cell proliferation 
and migration

Because EZH2 and ERRγ were negatively and positively 
correlated with prognosis of GC patients, respectively, 
and EZH2 negatively regulated the expression of ERRγ, 
we investigated the effects of EZH2 inhibitor GSK126 and 
ERRγ agonist DY131, when administered separately or 
combined, on the tumorigenesis of GC cells. Addition of 
DY131 weakly inhibited cell proliferation and migration, 
lactate production, wound healing, and colony formation 
(Fig. S7), which might be caused by low expression of ERRγ 
in GC cells. Regarding administration of GSK126, cell pro-
liferation and migration, lactate production, wound healing, 
and colony formation, were greatly inhibited but required 
concentrations up to 20 μΜ (Fig. S8). Surprisingly, the com-
bined low doses of DY131 (5 μΜ) and GSK126 (10 μΜ) 
greatly and synergistically, inhibited cell migration and 
proliferation, lactate production wound healing, and colony 
formation (Fig. 3). After 72 h treatment with 5 μΜ DY131 
or 10 μΜ GSK126, the viabilities of AGS, MGC803, and 
NCI-N87 cells were approximately 50, 80, and 80%, respec-
tively (Fig. 3a). However, AGS, MGC803, and NCI-N87 
cells were less than 10% viable under treatment with 5 μΜ 
DY131 plus 10 μΜ GSK126 (Fig. 3a). Consistently, similar 
synergistic effects of DY131 and GSK126 were observed in 
lactate production, cell migration, wound healing, and col-
ony formation assay (Fig. 3b–e). Taken together, these data 
suggested that inhibition of EZH2 and activation of ERRγ 
synergistically inhibited the tumorigenesis of GC cells.

Inhibition of EZH2 and activation of ERRγ 
synergistically suppresses growth of gastric cancer

To further confirm the synergistic inhibitory effects of DY131 
and GSK126 on GC growth, the MGC803 cells were subcu-
taneously implanted into nude mice and treated with 30 mg/
kg DY131 or 50 mg/kg GSK126 alone or in combination. 
After 20 days of treatment, no significant decrease of body 
weight was observed (Fig. 4a, b), suggesting that the treat-
ments were safe. Also, 30 mg/kg DY131 or 50 mg/kg GSK126 
alone significantly suppressed the growth of MGC803 xeno-
graft (Fig. 4c–e). However, the combined inhibitory effect 
of DY131 and GSK126 was more pronounced, compared 
to administration of each drug. At the end of treatment, the 
tumor weight was approximately 0.3 g in separated DY131 
and GSK126 groups, while it was only 0.07 g in the combined 
DY131 and GSK126 group (Fig. 4d, e). Altogether, these data 
further confirmed that inhibition of EZH2 and activation of 
ERRγ synergistically suppressed GC.

Inhibition of EZH2 and activation of ERRγ 
synergistically inhibits the tumorigenesis of GC cells 
through FOXM1 signaling pathway

To understand the molecular mechanisms underlying the syn-
ergistic inhibitory effects of EZH2 inhibitor and ERRγ ago-
nist, the role of ERRγ target gene, FOXM1, under DY131 
and GSK126 treatment was investigated. In MGC803 cells, 
addition of DY131 or GSK126 alone effectively inhibited the 
expression of FOXM1, while the effect was much stronger 
under the combined treatment (Fig. 5a). Consistently, the 
expression of FOXM1 in MGC803-derived tumors was sig-
nificantly lower under the combination treatment than each 
single treatment or control group (Fig. 5b). Importantly, over-
expression of FOXM1 greatly blocked the inhibitory effects 
of GSK126 and DY131 on cell proliferation and migration, 
wound healing, and colony formation (Fig. 5c–f).

Consequently, the signaling pathways regulated by 
FOXM1 were further investigated when administering a 
combined DY131 and GSK126 treatment. Previous stud-
ies demonstrated that interaction of FOXM1 with β-Catenin 
promoted β-Catenin nuclear localization and cell prolifera-
tion [32]. In both, MGC803 and MGC803-derived tumors, 
DY131 and GSK126 synergistically decreased β-Catenin 
protein levels (Fig. 5g, h), mainly in the nucleus (Fig. S9a); 
meanwhile, overexpression of FOXM1 restored its protein 
levels under the combined treatment (Figs. 5i, S9a). Fur-
thermore, DY131 and GSK126 synergistically inhibited 
Top Fish activity (Fig. S9b). Consistently, overexpression 
of ERRγ or knockdown of EZH2 significantly decreased 
nuclear β-Catenin protein levels in MGC803 cells, which 
were restored by FOXM1 overexpression (Fig. S9c).

Fig. 3  The effects of GSK126 and/or DY131 on the cell viability and 
migration, lactic acid production, wound healing, and colony forma-
tion of GC cell lines. a The cell viability of gastric cancer cell lines 
treated with DY131 or/and GSK126 were detected by CCK8 assay. b 
The production of lactic acid in gastric cancer cell lines treated with 
DY131 or/and GSK126 was detected by lactic acid assay kit. c–e Cell 
migration (c), wound healing (d) and colony formation (e) of gastric 
cancer cell lines treated with DY131 or/and GSK126. All experi-
ments were performed in triplicate, and the values given represent the 
mean ± SD of three independent experiments. Statistical significance 
was defined as *p < 0.05, **p < 0.01, ***p < 0.001

◂
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Four other genes located downstream of FOXM1 were 
also investigated. As shown in Fig.  5j–m, DY131 and 
GSK126 synergistically inhibited the expression of PLK1 
(Fig. 5j), VEGF (Fig. 5k), CDC25B (Fig. 5l), and MYC 
(Fig. 5m). Importantly, overexpression of FOXM1 restored 
the expression of the four genes under combined treatment 
with DY131 and GSK126 (Fig. 5j–m). Taken together, these 
data suggested that inhibition of EZH2 and activation of 
ERRγ synergistically inhibited the expression of FOXM1 
and its regulated signaling pathways, which were critical for 
the synergistic antitumor activity.

Discussion

Gastric cancers are the most common cancers worldwide 
and the predominant cause of mortality in Asian popula-
tions. However, effective targeting therapeutic methods are 
still lacking. In this study, we showed that EZH2 adminis-
tration to GC inhibited the expression of ERRγ, which sub-
sequently activated the expression of a master oncogene, 
FOXM1, and its regulated signaling pathways. Importantly, 
the combination of EZH2 inhibitor (GSK126) and ERRγ 
agonist (DY131) significantly suppressed the GC growth.

ERRγ, an orphan nuclear hormone receptor that belongs 
to the ERR subfamily of transcription factors, is a well-
known mediator of mitochondrial biogenesis and cellu-
lar energy homeostasis, and has been implicated in many 
metabolic pathological conditions, such as insulin resist-
ance, alcoholic liver injury, and cardiac hypertrophy [33]. 
Recently, a few studies showed that ERRγ also played 
important roles in cancer development. Specifically, ERRγ 
expression was up-regulated in liver cancer and its inhibi-
tion suppressed liver cancer cell proliferation via induc-
tion of p21 and p27 [34], while more reports provided evi-
denced that ERRγ is a tumor suppressor. ERRγ expression 
was identified in epithelial cell nuclei in fetal and pubertal 
human prostates, whereas its nuclear expression became 
reduced in advanced prostate cancer lesions. Furthermore, 
ERRγ induced E-cadherin, promoted MET, and suppressed 
breast cancer growth. Overexpression of ERRγ inhibited 
cell proliferation of prostate cancer cells by arresting cell-
cycle progression at the G1-S phase transition [31]. How-
ever, ERRγ also mediated the resistance of invasive lobular 
breast carcinoma to tamoxifen [35], which suggested dif-
ferent roles of ERRγ in different conditions. Importantly, 
a recent study indicated that the expression of ERRγ was 
decreased in GC and thus associated with a poor clinical 
outcome. On the other hand, overexpression of ERRγ sup-
pressed GC cell growth and tumorigenesis via repressing 

the expression of Wnt signaling genes [19]. In this study, 
protein levels of ERRγ in 375 GC patient tumor samples 
were significantly lower than adjacent tissues (Fig. S1c, d) 
according to immunohistochemistry. Furthermore, ERRγ 
expression level was positively correlated with the prognosis 
of GC patients (Fig. S1b, e). Importantly, the overexpression 
of ERRγ inhibited the tumorigenesis of gastric cancer cells 
(Fig. S2). Collectively, our data confirmed that ERRγ was a 
good GC suppressor.

Although ERRγ has been implicated in several types of 
cancer, the mechanism that regulates its expression is still 
unclear. In this study, a negative correlation between the 
ERRγ and EZH2 protein levels was observed (Fig. 1a, b), 
and EZH2 directly regulated the expression of ERRγ via 
H3K27me3 (Fig. 1c–f). EZH2 methylated histone methyl-
transferase H3K27 to promote transcriptional silencing [36]. 
Many studies have reported links between EZH2 expression 
and cancers [37], for instance that EZH2 overexpression was 
associated with progression of prostate cancer [38]. Simi-
lar findings were noted in many human cancers, including 
breast, bladder, and endometrial cancer, melanoma, and GC 
[39]. Also, high EZH2 expression was correlated with poor 
prognosis of GC patients and 5-FU resistance [40], and with 
promoting GC cell proliferation by repressing p21 expres-
sion [41]. In this study, we also noticed high expression of 
EZH2 in GC, and its negative correlation with prognosis of 
GC patients (Fig. S5). On the other hand, knocking down 
EZH2 expression inhibited the tumorigenesis of GC cells 
(Fig. S4). Importantly, we demonstrated that GC suppressor 
ERRγ was directly regulated by EZH2. Therefore, the com-
bination therapy method targeting ERRγ and EZH2 could 
be a very promising treatment of GC patients.

FOXM1 is a transcription factor highly expressed in 
various tumors, which plays a pivotal role in transducing 
upstream signals to downstream effectors in cancer cells 
(e.g., cyclin D1, cyclin B1, VEGF, caveolin-1) [42, 43]. 
More importantly, it is a biomarker and a major predictor of 
adverse outcomes in 18,000 cancer cases across 39 human 
malignancies [44]. Almost the complete FOXM1 regula-
tory mechanism has been identified [45], for instance, Li 
et al. identified miR-494 as a negative regulator of FOXM1. 
Specifically, loss of SMAD4 in pancreatic ductal adenocar-
cinoma cells led to reduced levels of miR-494 and increased 
levels of FOXM1 [46]. However, the upstream regulators of 
FOXM1 expression have not yet been elucidated in GC. In 
this study, we identified two ERRE elements in the proxi-
mal promoter sequence of FOXM1 (Fig. 2a). Furthermore, 
ChIP and EMSA assays demonstrated that ERRγ binding 
to two ERRE elements on the promoter of FOXM1 regu-
lated transcription of FOXM1 (Fig. 2b, c). Consequently, 
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Fig. 4  DY131 and GSK126 synergistically inhibited the growth of 
GC tumors. a Photographs of nude mice after administration with or 
without 30 mg/kg of DY131 or/and 50 mg/kg of GSK126 for 20 days. 
b, c Body weight (b) and tumor volume (c) of nude mice during 

the administration of DY131 or/and GSK126. d, e Photographs (d) 
and weight quantification (e) of tumors at the end of DY131 or/and 
GSK126 treatment. *p < 0.05, ***p < 0.001
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the combination of GSK126 and DY131 synergistically 
inhibited the expression of FOXM1 in GC cells and their 
derived tumors (Fig. 5a, b). Consistently, GSK126 and 
DY131 inhibited the expression of downstream genes, MYC, 
PLK1, VEGF, and CDC25B, and decreased β-Catenin pro-
tein levels, which was regulated by interaction with FOXM1 
(Figs. 5, S9). Thus, ERRγ has been identified as a novel 
player in regulating FOXM1 mechanism.

Pharmacotherapy can bridge the gap between lifestyle 
modification and surgery. Although studies have reported 
that DY131 and GSK126 can inhibit GC proliferation [19, 
47], but many monotherapies have only modest efficacy or 
require high doses with unacceptable side effects. On the 
other hand, combination therapy is now becoming accepted 
as a way of optimizing efficacy for tumor management, 

while minimizing adverse effects [19, 48]. In this study, 
low concentrations of GSK126 (10 μM) and DY131 (5 μM) 
successfully treated GC cell lines. GSK126 treatment up-
regulated ERRγ protein levels; meanwhile, DY131 acti-
vated the function of ERRγ after binding. GSK126 and 
DY131 administration synergistically inhibited the tumori-
genesis of GC cells (Fig. 3). Subsequently, we used 30 mg/
kg DY131 and 50 mg/kg GSK126 for mouse studies. To 
note, GSK126 and DY131 concentrations used in this study 
were much lower than the previously reported as effec-
tive: 200 mg/kg GSK126 and 60 mg/kg DY131 [15, 19]. 
However, the combined treatment achieved better efficacy 
(Fig. 4). Usually, decreased concentration of the combined 
drug is beneficial as it reduces the toxicity and synergisti-
cally enhances the drug antitumor activity [28]. Presently, 
few options for combination therapy of GC patients are 
available. Combination of S-1 plus cisplatin with perito-
neal or trastuzumab showed a good performance in GC 
treatment [49]. However, more targeted chemotherapy 
strategies are necessary to improve the survival rate of GC 
patients, and thus drug combination (GSK126 and DY131) 
is promising.

In summary, we obtained both experimental and clini-
cal evidence supporting the critical role of EZH2 inhibition 
and ERRγ activation in synergistically suppressing GC via 
inhibiting FOXM1 signaling pathways (Fig. 6). First, the 
expression of ERRγ and EZH2 were inversely correlated 
in GC specimens and cell lines. Second, ERRγ expression 
was markedly negative-regulated by EZH2 in GC cell lines. 
Third, ERRγ acted as a direct suppressor of FOXM1. Fourth, 

Fig. 5  DY131 and GSK126 synergistically inhibit the tumorigenesis 
of GC cells through FOXM1. a Protein levels of FOXM1 in MGC803 
cells under GSK126 or/and DY131 treatment. b Protein levels of 
FOXM1 in GSK126 and DY131-treated mouse xenograft samples. c–
f Cell proliferation (c), wound healing (d), migration (e), and colony 
formation (f) of MGC803 were detected after treatment with 5  μM 
DY131 and 10  μM GSK126 in FOXM1-overexpressing cell line. g 
Protein levels of β-Catenin in MGC803 cells under GSK126 or/and 
DY131 treatment. h β-Catenin protein levels in GSK126 and DY131-
treated mouse xenograft samples. i Protein levels of FOXM1 and 
β-Catenin in FOXM1- overexpressing MGC803 cells under treatment 
with GSK126 and DY131. j–m The mRNA levels of PLK1, VEGF, 
CDC25Bl and MYC were detected by RT-qPCR after treatment of 
FOXM1-overexpressing cells with 5 μM DY131 and 10 μM GSK126. 
All experiments were performed in triplicate, and the values given 
represent the mean ± SD of three independent experiments. Statistical 
significance was defined as **p < 0.01, ***p < 0.001

◂

Fig. 6  Schematic diagram of the 
synergistic inhibition of GC by 
GSK126 and DY131. FOXM1 
promoted proliferation by 
promoting MYC, and expres-
sion and nuclear localization of 
β-Catenin in GC cells. GSK126 
inactivated EZH2 and subse-
quently promoted the ERRγ 
expression. DY131 activated 
ERRγ. The combination of 
GSK126 and DY131 activated 
the expression and function 
of ERRγ, and synergistically 
inhibited the expression of 
FOXM1 and downstream 
pathways, thereby inhibiting the 
proliferation of GC cells



83Inhibition of EZH2 and activation of ERRγ synergistically suppresses gastric cancer by…

1 3

inhibition of EZH2 (GSK126) and activation of ERRγs 
(DY131) synergistically induced an antitumor activity in 
GC via FOXM1 signaling pathway. Collectively, these novel 
findings identified a novel pathway regulating the growth of 
gastric tumor, in which EZH2 suppressed the expression of 
ERRγ, subsequently activating the expression of FOXM1.
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