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GPX4 suppresses ferroptosis to promote 
malignant progression of endometrial 
carcinoma via transcriptional activation by ELK1
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Abstract 

Background:  Glutathione Peroxidase 4 (GPX4) is a key protein that inhibits ferroptosis. However, its biological regula-
tion and mechanism in endometrial cancer (EC) have not been reported in detail.

Methods:  The expression of GPX4 in EC tissues was determined by TCGA databases, qRT-PCR, Western blot, and 
immunohistochemistry (IHC). The effects of GPX4 on EC cell proliferation, migration, apoptosis, and tumorigenesis 
were studied in vivo and in vitro. In addition, ETS Transcription Factor ELK1 (ELK1) was identified by bioinformatics 
methods, dual-luciferase reporter assay, and chromatin immunoprecipitation (ChIP). Pearson correlation analysis was 
used to evaluate the association between ELK1 and GPX4 expression.

Results:  The expression of GPX4 was significantly up-regulated in EC tissues and cell lines. Silencing GPX4 signifi-
cantly inhibited the proliferation, migration ability, induced apoptosis, and arrested the cell cycle of Ishikawa and KLE 
cells. Knockdown of GPX4 accumulated intracellular ferrous iron and ROS, disrupted MMP, and increased MDA levels. 
The xenograft tumor model also showed that GPX4 knockdown markedly reduced tumor growth in mice. Mechani-
cally, ELK1 could bind to the promoter of GPX4 to promote its transcription. In addition, the expression of ELK1 in 
EC was positively correlated with GPX4. Rescue experiments confirmed that GPX4 knockdown could reverse the 
strengthens of cell proliferation and migration ability and the lower level of Fe2+ and MDA caused by upregulating 
ELK1.

Conclusion:  The results of the present study suggest that ELK1 / GPX4 axis plays an important role in the progress of 
EC by promoting the malignant biological behavior and inducing ferroptosis of EC cells, which provides evidence for 
investigating the potential therapeutic strategies of endometrial cancer.

Keywords:  Endometrial carcinoma, GPX4, ELK1, Ferroptosis, Transcriptional activation

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Endometrial carcinoma (EC) is one of the common malig-
nant tumors in gynecology, threatening women’s health 
and life, and increasing the disease risk and social medi-
cal burden [1]. According to the latest global cancer bur-
den data in 2020 released by the international agency for 
research on cancer (IARC) of the World Health Organi-
zation, endometrial carcinoma is the sixth most common 
female cancer, with 417,000 new cases and 97,000 deaths 
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in 2020 [2]. Most patients can get an early diagnosis and 
have a good prognosis [3]. However, despite increasing 
treatment options currently available [4, 5], outcomes for 
advanced, poorly differentiated, or special types of EC, 
such as high-grade EC and EC with papillary serous or 
clear cell histology, are still dismal [6, 7]. More than that, 
early or well-differentiated endometrioid tumors also 
have an unexpected recurrence and poor prognosis[8]. 
Therefore, exploring the pathogenesis and effective thera-
peutic targets of EC is urgently required to improve the 
prognosis for patients with EC.

Ferroptosis, a newly discovered form of programmed 
cell death, depends on the accumulation of excessive 
iron in cells and causes the increase of toxic lipid perox-
ide ROS [9, 10]. The main mechanism of ferroptosis is 
that under the action of divalent iron or ester oxygenase, 
it catalyzes the unsaturated fatty acids highly expressed 
on the cell membrane to produce lipid peroxidation and 
induce cell death [11, 12]; In addition, the expression of 
the antioxidant system (glutathione GSH and glutathione 
peroxidase 4 GPX4) decreased [13, 14]. Glutathione 
peroxidase 4 (GPX4) belongs to the glutathione per-
oxidase family, whose members catalyze the reduction 
of hydrogen peroxide, organic hydrogen peroxide, and 
lipid hydrogen peroxide, so GPX family to protect cells 
from oxidative damage [15]. At present, several members 
such as GPX1-GPX8 have been found in mammals [16, 
17]. However, only GPX4 showed the ability to scavenge 
membrane lipid hydrogen peroxide products, which is 
also related to its unique amino acid sequence and spa-
tial structure [18, 19]. Some studies have shown that the 
expression level of GPX4 in tumor tissues is significantly 
higher than that in normal tissues [20], such as renal clear 
cell carcinoma [21], lung adenocarcinoma [22], prostate 
cancer [23], thyroid cancer [24], and gastric cancer [25]. 
It is speculated that GPX4 may be an oncogene. How-
ever, the potential carcinogenic function of GPX4 on EC 
and the potential mechanism of the association between 
GPX4 and EC have not been reported.

To solve this problem, we first evaluated the expres-
sion of GPX4 in EC through public databases and experi-
ments such as immunohistochemistry (IHC). To further 
study the function of GPX4 in EC, a series of experi-
ments in vitro were carried out to confirm the carcino-
genic effect of GPX4 in EC. It was found that inhibiting 
GPX4 can significantly inhibit cell proliferation, migra-
tion, promote apoptosis and block the cell cycle of EC 
cells. Besides, by detecting a series of indicators reflecting 
ferroptosis, we found that knocking down GPX4 could 
induce ferroptosis in EC cells. Moreover, the studies of 
mice models in  vivo showed that knockdown of GPX4 
significantly reduced the volume and weight of tumors 
and enhanced ferroptosis activity. In addition, we found 

that GPX4 can be used as a new transcriptional target of 
ELK1, and the tumor progression caused by the overex-
pression of ELK1 can be attenuated by downregulating 
the expression of GPX4. In conclusion, our results pro-
vide new insights into the progress of GPX4 in EC and 
provide a new theoretical basis for the prevention and 
treatment of patients with endometrial cancer.

Materials and methods
Cell culture
The human endometrial carcinoma cell line Ishikawa 
and KLE were grown in DMEM-F12 complete medium 
(HyClone, China) supplemented with 10% fetal bovine 
serum (Gibco, USA) and 1% antibiotics (penicillin and 
streptomycin) (Boster, China) at a final concentration of 
100 µg/ml. All cells were grown at 37 ℃ in a humidified 
atmosphere of a 5% CO2 incubator. All the cells were free 
of mycoplasma contamination.

Transfection
Lentivirus vectors containing GPX4-shRNA and shNC 
were purchased from GenePharma (Shanghai, China). Two 
shRNA sequences of GPX4 were: shGPX4-1: sense 5’-CAC​
CGT​GGA​TGA​AGA​TCC​AAC​CCA​ATT​CAA​GAG​ATT​
GGG​TTG​GAT​CTT​CAT​CCA​CTT​TTT​TG-3’; antisense 
5’-GAT​CCA​AAA​AAG​TGG​ATG​AAG​ATC​CAA​CCC​
AAT​CTC​TTG​AAT​TGG​GTT​GGA​TCT​TCA​TCC​AC-3’; 
shGPX4-2: sense 5’-CAC​CGC​ACA​TGG​TTA​ACC​TGG​
ACA​ATT​CAA​GAG​ATT​GTC​CAG​GTT​AAC​CAT​GTG​
CTT​TTT​TG-3’; antisense 5’-GAT​CCA​AAA​AAG​CAC​ATG​
GTT​AAC​CTG​GAC​AAT​CTC​TTG​AAT​TGT​CCA​GGT​
TAA​CCA​TGT​GC-3’. Fourty-eight hours after transfection, 
qRT-PCR and WB were used to examine the GPX4-shRNA 
interference effect. Stable cells transfected with GPX4-
shRNA were obtained after 14 days of puromycin screening 
(2 μg/ml).

Clinical specimens
A total of six paired EC and adjacent tissues of patients 
who underwent surgery or biopsy in the Department of 
Gynecology, Union Hospital Affiliated to Tongji Medi-
cal College, Huazhong University of Science and Tech-
nology (Wuhan, China) from September 2019 to March 
2021 were collected for qRT-PCR, IHC and western blot-
ting. All patients had complete clinical data and did not 
receive immunotherapy, chemotherapy, or radiotherapy. 
This study was approved by the Ethics Committee of 
Tongji Medical College, Huazhong University of Sci-
ence and Technology (No. 2022-S017). All patients have 
signed the written informed consent forms before surgi-
cal resection.
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Immunohistochemistry (IHC) staining and scoring
Samples were embedded in paraffin and sliced into sec-
tions at a thickness of 4 μm. The sections were then incu-
bated with GPX4 antibody (Proteintech, China) which 
was diluted at 1: 3000 at 4 ℃ overnights. The following 
day, the stained sections were incubated with secondary 
antibody at room temperature for 30 min in darkness and 
visualized with DAB solution. Finally, the nucleus was 
counterstained by haematoxylin. A Motic microscope 
(Motic, China) was used to visualize and photograph 
the sections. The IHC staining scores were evaluated by 
two independent observers blinded to the corresponding 
patients based on the staining intensity (SI) and the per-
centage of immunoreactive cells (PR) [26]. The SI score 
was calculated from 0 to 3: 0 = no staining; 1 = weak 
staining; 2 = moderate staining; and 3 = strong staining. 
The PR was scored from 1 to 4: 1 = 0–25%; 2 = 26–50%; 
3 = 51–75%; and 4 = 75–100%. The PR and the SI were 
multiplied to produce a weighted score for each patient. 
A score of 8–12 was defined as a high expression level 
and a score of 0–7 was defined as low expression.

Total RNA isolation and quantitative real‑time polymerase 
chain reaction (qRT‑PCR)
The adherent cells were harvested with the RNAiso rea-
gent (Takara, Japan). The extraction of RNA was per-
formed according to the manufacturer’s manual. The 
cDNA was obtained from RNA using the reverse tran-
scription kit (Vazyme, China). The cDNA was used 
as templates, and the SYBR Green Fast qPCR Mix 
(Abclonal, China) was used for real-time quantitative 
PCR. The fold changes of RNA transcripts were cal-
culated by the 2 − ΔΔCt method and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was utilized as 
the internal control. The primer sequences used were 
shown as follows: GPX4-F: 5’-GAG​GCA​AGA​CCG​AAG​
TAA​ACTAC-3’; GPX4-R: 5’-CCG​AAC​TGG​TTA​CAC​
GGG​AA-3’; GAPDH-F: 5’-GAG​TCA​ACG​GAT​TTG​
GTC​GT-3’; GAPDH-R: 5’-GAC​AAG​CTT​CCC​GTT​CTC​
AG-3’.

Western blotting
Fresh tissues or adherent cells were first washed twice 
with PBS and then lysed on ice with RIPA lysis buffer 
(Servicebio, China) containing Cocktail and PMSF for 
1  h. Cell lysates were centrifuged and quantified using 
BCA Protein Assay kits (Biosharp, China). A total of 
30 µg of protein was loaded for electrophoretic separation 
on sodium dodecyl sulfate (SDS)-polyacrylamide gels 
and transferred onto polyvinylidene difluoride (PVDF) 
membranes. After incubation with 5% skimmed milk at 
room temperature for 1 h and washing, the membranes 

were further incubated with primary antibody at 4 ℃ 
overnight. Membranes were blotted with the following 
antibodies: anti-GPX4 (1: 1000; Proteintech, China), anti-
ELK1 (1: 1000; Proteintech, China), and anti-GAPDH (1: 
10,000; Abclonal, China). Horseradish peroxidase-con-
jugated secondary antibody was added and incubated at 
room temperature for 60 min, followed by capture with 
enhanced chemiluminescence (ECL) (Biosharp, China).

Cell proliferation assay
Cell Counting Kit-8 (CCK8) assay (Targetmol, China) 
was used to detect cell viability. A total of 100 μl cell sus-
pension (3 × 103 cells) was first plated in a 96-well plate, 
and then 10 μl of CCK8 solution was added to each well 
at 24, 48, 72, 96, 120 h. After another 2 h of incubation, 
the absorbance was measured at 450  nm by using a 
microplate reader (Thermo Fisher Scientific, USA). Clone 
formation assay was used to detect the number of colo-
nies. Cells were seeded into well plates (300 cells per well) 
and cultured for 14 days. The above-mentioned cells were 
then fixed for 30  min with 2  ml of methanol and then 
stained cells with crystal violet solution for about 30 min.

Cell migration assays
Transwell chambers of 8  μm pore size (Corning, USA) 
were used to assess migration. 100  µl cell suspension 
without serum was used in the upper chamber with Ishi-
kawa and KLE (1.0 × 105/well). The lower chamber con-
tained a chemo-attractant (medium with 20% FBS). After 
24-h incubation at 37 ℃, the cells were then fixed with 
4% paraformaldehyde (Servicebio, China) for 30 min and 
stained with 0.1% violet crystal (Servicebio, China) for 
10  min at room temperature. After washing with PBS 
solution, cells that passed the membrane were counted 
and imaged in 3 different randomly selected views under 
100 × magnification using CX23 Olympus light micros-
copy (Olympus, Japan).

Flow cytometry (FCM) analysis
Use the Annexin V-FITC Apoptosis Detection Kit (Bey-
otime, China) to evaluate cell apoptosis. Use PI/RNase 
Staining Buffer (BD Biosciences, USA) to analyze the cell 
cycle. The flow cytometer used was ID7000 Spectral Cell 
Analyzer (Sony, Japan). The data were analyzed by using 
FlowJo.

Lipid reactive oxygen species (ROS) assay
Cells were collected and then centrifuged. After that, 
DCFH-DA (Beyotime, China) was prepared to pretreat 
the cells at 37 ℃ for 20  min. Following incubation, the 
cells were collected and washed twice in a free-serum 
medium. Subsequently, the cells were resuspended in 
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PBS and were analyzed by flow cytometry to detect the 
levels of ROS within the cells.

Fe2 + and malondialdehyde (MDA) assay
Firstly utilized a BCA protein assay kit (Biosharp, China) 
to detect the protein concentrations in cell supernatants. 
After that, Fe2+, as well as the MDA levels, were both 
estimated by the iron assay kit (NJJCBIO, China) and the 
MDA detection kit (Beyotime, China), respectively.

Evaluation of mitochondrial membrane potential (MMP)
The MMP was measured by a mitochondrial mem-
brane potential assay kit (Beyotime, China). JC-1 mono-
mers (green) can form aggregates (red fluorescence) in 
the mitochondria with high △Ψm, which cannot form 
aggregates in the mitochondria with low △Ψm. Results 
were detected by using a confocal laser microscope 
(Olympus, Japan).

Dual‑luciferase reporter assay
Ishikawa cells were seeded in 6-well plates at a 70% con-
centration and transfected with relevant plasmid and 
the luciferase vector. After 48 h, cells were lysed and the 
luciferase activities were measured using the dual-lucif-
erase reporter assay kit (Beyotime, China) according to 
the manufacturer’s protocol. The luminescence intensi-
ties of firefly and Renilla luciferases were recorded by a 
microplate reader. For data analysis, the luciferase activ-
ity was normalized by comparing it with Renilla lucif-
erase activity.

Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation was performed using 
Ishikawa cells, which were treated with 37% formalde-
hyde (Sigma, USA) at 1% final concentration for 10 min 
at room temperature to cross-link proteins to DNA. After 
that, the remaining steps were carried out according to 
the manufacturer’s instructions for the ChIP assay kit 
(Beyotime, China). The antibodies used were anti-ELK1 
(Proteintech, China) and normal rabbit IgG (Proteintech, 
China). The enriched DNA was analyzed utilizing the 
primers by real-time PCR.

Tumor xenograft assay
Female BALB/c-nu nude mice (age, 4–5 weeks)were pur-
chased from China Charles River and housed in a stand-
ard pathogen-free environment laboratory. The mice 
were randomized into two groups. Ishikawa (1 × 106) 
were suspended in 100 μl serum-free DMEM and subse-
quently injected into the right flanks of the mice. After 
25  days, the mice were cervical dislocated under anes-
thesia, and the weight, length, and width of xenografts 
were measured. Tumor volume = (length × width2)/2. 

Tumor samples were partially embedded in paraffin for 
histopathological analysis. Animal experiments were per-
formed according to the protocols approved by Tongji 
Medical College’s Animal Care and Use Committee (No. 
2021-S2783).

Statistical analysis
GraphPad Prism 8 (GraphPad Software, USA) was 
used for statistical analysis. The experimental data of 
every 3 independent replicates were presented as the 
mean ± standard error of the mean (SEM). The Student’s 
t-test was used for comparisons between two independ-
ent sample groups. One-way ANOVA was used for 
one-way comparisons between multiple groups, while 
two-way ANOVA tests were used for two-way compari-
sons between multiple groups. P < 0.05 was considered to 
indicate a statistically significant difference. * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001.

Results
GPX4 is highly expressed in EC tissues
In this study, we first explored the expression levels of 
GPX4 in endometrial cancer tumor tissues and normal 
endometrial tissues in TIMER and GEPIA databases. 
It was found that the expression of GPX4 in EC tumor 
tissues was higher than that in normal endometrial tis-
sues (P < 0.05) (Fig.  1A, B). We performed data mining 
and analyzed GPX4 mRNA profiles from the publicly 
available TCGA databases. The results showed that the 
expression of GPX4 in EC tumor tissues was significantly 
elevated than that in normal endometrial tissues (P < 0.05, 
Fig.  1C). Next, six pairs of tumor specimens from EC 
patients and their corresponding adjacent normal tissues 
were analyzed by Western blot and immunohistochemi-
cal (IHC) staining. Western blot results indicated that the 
expression level of GPX4 protein in EC tumor tissue was 
significantly higher than that in normal endometrium 
(Fig. 1D). We scored the GPX4 expression level based on 
the GPX4 staining intensity and the percentage of posi-
tive tumor cells. The IHC score of GPX4 expression was 
also significantly increased in EC tumor tissues than the 
noncancerous counterparts (Fig.  1E, F). Overall, these 
results demonstrated that GPX4 expression was elevated 
in tumor tissues of patients with endometrial cancer.

GPX4 knockdown suppresses proliferation, migration, 
induces apoptosis, and arrests cell cycle progression of EC 
cells in vitro
To investigate the functional role of GPX4 in EC cells, 
we firstly measured GPX4 mRNA and protein levels 
in human primary endometrial epithelial cells (EECs) 
and several EC cell lines (Fig. 2A, B). GPX4 was proved 
to be highly expressed in EC cell lines and we selected 
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Fig. 1  GPX4 expression is elevated in EC. A-C The mRNA expression of GPX4 in endometrial tumor tissues and normal endometrial tissues was 
analyzed based on TIMER, GEPIA, and TCGA databases. D GPX4 protein expression in EC tissues and adjacent normal tissues was analyzed by 
western blot. E Representative immunohistochemistry (IHC) images of GPX4 in EC tissues and adjacent normal tissues. Scale bar: 50 μm. F The 
protein expression of GPX4 in tumor and adjacent normal tissues from EC patients was detected by IHC

Fig. 2  Knockdown of GPX4 suppresses cell proliferation and migration of EC cells in vitro. A, B GPX4 mRNA and protein expression in human 
primary endometrial epithelial cells (EECs) and EC cell lines was analyzed by qRT-PCR and western blot, respectively. C The knockdown efficiency 
of shGPX4 was detected by qRT-PCR in Ishikawa and KLE cells. D The knockdown efficiency of shGPX4 for following experiments was validated by 
western blot. E, F Cell proliferation was detected by CCK8 and colony formation assay following GPX4 knockdown in EC cells. G Cell migration ability 
was determined by transwell assay following GPX4 knockdown in EC cells

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Ishikawa and KLE cell lines for further studies. Two shR-
NAs (shGPX4-1 and shGPX4-2) were designed and syn-
thesized to knock down GPX4 in both cell lines (Fig. 2C). 
The shRNA (shGPX4-2) that exhibited higher interfer-
ence efficiency was confirmed by western blotting and 
selected for the subsequent experiments (Fig.  2D). The 
expression of GPX4 in Ishikawa and KLE cells was signifi-
cantly suppressed compared with the shNC group. CCK8 
and colony formation assays indicated that GPX4 silenc-
ing significantly impeded the viability and cloning ability 
of both Ishikawa and KLE cells (Fig. 2E, F). The capabil-
ity of cell migration was also significantly decreased after 
GPX4 knockdown by transwell assay (Fig.  2G). Moreo-
ver, we also observed dramatically increased apoptotic 
cells in shGPX4 group compared with that in shNC 

group (Fig. 3A). Meanwhile, we performed FACS for cell 
cycle analysis on GPX4-knockdown cells and their con-
trol cells. Compared with shNC group, the proportion 
of shGPX4 cells in the G0/G1 phase sharply increased, 
while the proportion in the S phase abruptly decreased 
(Fig.  3B). In summary, these findings confirm that loss 
of GPX4 could suppress proliferation, migration, induce 
apoptosis, and arrest cell cycle progression from the G0/
G1 phase to the S phase in EC cells.

GPX4 knockdown induces cell ferroptosis in EC
Accumulating evidence has shown that cell ferrop-
tosis is mainly caused by elevated intracellular lipid 
peroxidation disrupting mitochondrial membrane den-
sity, and by an accumulation of lethal ROS during iron 

Fig. 3  Knockdown of GPX4 induces apoptosis, and arrests cell cycle progression of EC cells in vitro. A Cell apoptosis of EC cells following GPX4 
knockdown was analyzed by flow cytometer. B The cell cycles of shNC and shGPX4 cells were analyzed using flow cytometry

Fig. 4  GPX4 knockdown induces ferroptosis in EC. A Intracellular ferrous iron levels were determined via the iron assay in Ishikawa and KLE cells 
silencing or not silencing GPX4. B Lipid ROS levels were measured via flow cytometric analysis in Ishikawa and KLE cells silencing or not silencing 
GPX4. C MMP was detected via JC-1 staining in Ishikawa and KLE cells silencing or not silencing GPX4. D MDA levels were measured in Ishikawa and 
KLE cells silencing or not silencing GPX4

(See figure on next page.)
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Fig. 4  (See legend on previous page.)



Page 9 of 14Wei et al. BMC Cancer          (2022) 22:881 	

metabolism. In the present study, the level of intracel-
lular Fe2+ notably increased in shGPX4 group of both 
Ishikawa and KLE cells compared with shNC group 
(Fig.  4A). Similarly, lipid ROS levels in the two EC 
shGPX4 cell lines increased (Fig.  4B). The JC-1 stain-
ing indicated that shGPX4 group significantly increased 
monomeric JC-1, which showed mitochondrial oxida-
tive damage (Fig.  4C). Moreover, both Ishikawa and 
KLE cells knocked down with GPX4 indicated a rise in 
MDA levels, which is one of the most vital end-prod-
ucts of lipid peroxidation (Fig.  4D). Collectively, these 

results indicated that knocking down GPX4 signifi-
cantly increased ferroptosis in EC cells.

GPX4 promotes EC development, and GPX4 knockdown 
enhances ferroptosis activity in vivo
In order to verify the effect of GPX4 on endometrial 
cancer, an EC xenograft tumor model in nude mice was 
established to evaluate the effect of GPX4 knockdown 
in  vivo. Ishikawa cells with stable GPX4 knockdown 
(shGPX4) or negative control (shNC) were injected sub-
cutaneously into nude mice, respectively. The size of the 

Fig. 5  GPX4 promotes EC development, and GPX4 knockdown enhances ferroptosis activity in vivo. A Images of xenograft tumors from BALB/
c-nude mice 25 days after the subcutaneous injection of stable GPX4 knockdown Ishikawa cells (shGPX4) or control cells (shNC). B Tumor volume 
was calculated according to the formula: (length × width2)/2. C Tumor weight of nude mice in shGPX4 and shNC group was assessed on day 25. 
D Immunohistochemistry and HE stain for GPX4 expression in xenograft tumors. Scale bar: 50 μm. E The concentrations of iron were evaluated in 
the tumor tissues. F The levels of MDA accumulation were evaluated in the tumor tissues
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tumor was measured every 5  days after cell injection, 
and the mice were sacrificed 25 days later. As shown in 
Fig. 5A, B, the inhibition of GPX4 drastically suppressed 
the tumor volume. The tumor weight of shGPX4 group 
also decreased remarkably after GPX4 knockdown 
(Fig.  5C). In addition, immunohistochemical results 
showed that the protein expression of GPX4 decreased 
significantly in shGPX4 group (Fig. 5D). Finally, we exam-
ined the levels of Fe2+ and MDA in tumor tissues. Com-
pared with shNC group, after the knockdown of GPX4, 
the concentration of Fe2+ increased significantly (Fig. 5E) 
and the level of MDA increased significantly (Fig.  5F). 
All these data provide evidence that GPX4 could act as a 
tumor activator for the growth of EC, and that knockout 
of GPX4 enhances ferroptosis activity in vivo.

ELK1 activates GPX4 transcription in EC cells
To further explore the upstream regulation of GPX4 in 
endometrial carcinoma, we used the JASPAR database 
(http://​jaspar.​gener​eg.​net/) and PROMO software (http://​
alggen.​lsi.​upc.​es/​cgi-​bin/​promo_​v3/​promo/​promo​init.​
cgi?​dirDB=​TF_8.3) to search for potential transcrip-
tion factors in GPX4 promoter. Two candidates includ-
ing ELK1 (ETS transcription factor ELK1) and HNF4A 
(hepatocyte nuclear factor 4 alpha) were obtained for fur-
ther analysis. By using a luciferase reporter construct, the 
relative luciferase activity of GPX4 (within the 2000  bp 
promoter region) increased significantly only after trans-
fection of ELK1 overexpression plasmid (Fig.  6A). We 
then analyzed the expression of ELK1 and GPX4 in EECs 
and five different endometrial carcinoma cell lines. qRT-
PCR results showed a positive correlation between ELK1 
and GPX4 in the mRNA level of EC cells (R2 = 0.8423, 
p < 0.05, Fig.  2A, Fig.  6B, C). The same results were 
observed in the protein level (R2 = 0.6659, p < 0.05, 
Fig.  2B, Fig.  6D, E). In addition, overexpressing ELK1 
also significantly increased the GPX4 mRNA expression 
in Ishikawa and KLE cells (Fig. 6F). Correspondingly, the 
mRNA level of GPX4 decreased significantly after the 
knockdown of ELK1 (Fig. 6G). Therefore, ELK1 was iden-
tified as the most possible transcription factor that inter-
acts with GPX4. Subsequently, the specific ELK1 binding 
sites on the GPX4 promoter were also predicted (Fig. 6H) 
and listed in Additional file 2: Table S1. According to the 
predicted binding sites, we designed ChIP-qPCR primers 
and performed the ChIP assay. The result indicated that 
ELK1 was significantly enriched in the GPX4 promoter in 
Ishikawa cells (Fig. 6I). DNA gel revealed that the length 
of the qPCR product was about 100—200  bp (Fig.  6J). 
Taken together, ELK1 could directly activate GPX4 tran-
scription by binding to its promoter region in endome-
trial carcinoma.

ELK1 / GPX4 axis is involved in the progression of EC 
by regulating ferroptosis
To demonstrate the effects of the ELK1 / GPX4 axis on 
endometrial carcinoma, ELK1 vector and GPX4 shRNA 
were co-transfected into Ishikawa and KLE cells. CCK8 
and transwell assays confirmed that overexpression of 
ELK1 could promote cell proliferation and migration 
of EC cells (Fig.  7A, B). Rescue experiments identified 
that the enhanced cell proliferation and migration abil-
ity induced by ELK1 overexpression could be reversed 
by GPX4 knockdown (Fig.  7A, B). Next, we inspected 
the role of ELK1 in ferroptosis. After overexpression of 
ELK1, the intracellular Fe2+ concentration and MDA 
level were lower than those in the control group, but 
they could be reversed and increased after transfecting 
shGPX4 (Fig. 7C, D). The above data suggest that ELK1 
could affect EC progression along with GPX4 by influ-
encing ferroptosis activity.

Discussion
The incidence rate and mortality of EC are increasing 
year by year, but there is still no effective treatment for 
advanced and recurrent EC. Recently, More and more 
studies suggest that the artificial introduction of ferrop-
tosis is considered a promising treatment for cancers 
resistant to traditional therapies [27–29]. Ferroptosis is 
considered to be an iron-dependent oxidative cell death, 
which may be driven by the inactivation of GPX4. In 
addition, ferroptosis can be assessed by high intracellular 
Fe2+ levels and low GSH levels, accompanied by a series 
of oxidative stress [30]. Researchers have revealed that 
the ferroptosis process was aberrantly regulated in endo-
metrial carcinoma and an activator of ferroptosis can 
induce cell death in EC cells [31, 32]. Despite that, the 
potential carcinogenic function and the exact mechanism 
of ferroptosis in EC still deserve further study.

In this study, we first demonstrated that the expression 
of ferroptosis “star regulator” GPX4 was up-regulated in 
EC after analysis of online databases and clinical samples. 
Inhibiting GPX4 expression could reduce the rate of EC 
cells proliferation and migration, increase apoptosis ratio, 
and arrest the cell cycle. Knockdown of GPX4 induced 
higher Fe2+, MDA, and ROS levels and decreased MMP, 
which activated ferroptosis. These data confirmed the 
basic role of GPX4 as a new target for EC tumor develop-
ment and inhibition of Ferroptosis.

How to regulate GPX4 expression and activity has 
become a hot topic to explore the potential strate-
gies for ferroptosis-related diseases nowadays. Sup-
plementing intracellular selenium or glutathione can 
up-regulate GPX4 expression [33], while ferroptosis 
inducers such as ML162 [34] and RSL3 [35] can inhibit 

http://jaspar.genereg.net/
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3
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its activity. Post-translational modifications (PTMs), 
such as ubiquitination [36], succination [37], and 
alkylation [38] also can affect GPX4 protein level/activ-
ity. More and more studies have shown that transcrip-
tion factors play an important role in the occurrence 
and development of cancers. Transcription factors can 
inhibit or enhance gene expression by interacting with 

CIS factors. Previous studies have shown that tran-
scription factors can regulate the expression of ferrop-
tosis-related proteins, such as transcription factor SP2 
or Nrf2 transcriptionally regulate GPX4 protein level 
[39]. So, we wondered if there has potential transcrip-
tional regulation that affects the GPX4 overexpression 
in EC.

Fig. 6  ELK1 binds directly to the GPX4 promoter to regulate the expression of GPX4 in EC cells. A Double luciferase reporter assay confirmed 
the interaction between ELK1 and GPX4 promoters in Ishikawa cells. B ELK1 mRNA expression in EECs and EC cell lines was analyzed by qRT-PCR. 
C Correlation between ELK1 and GPX4 in normal endometrial and EC cells in mRNA level was analyzed. D ELK1 protein expression in EECs and EC 
cell lines was analyzed by western blot. E Correlation between ELK1 and GPX4 in normal endometrial and EC cell lines in protein level was analyzed. 
F The expression level of GPX4 mRNA was identified by qRT-PCR after ELK1 overexpression. G The expression level of GPX4 mRNA was identified by 
qRT-PCR after ELK1 down expression. H The binding sites of ELK1 and GPX4 were predicted by the JASPAR database. I ChIP assay verified that ELK1 
could bind to GPX4 promoter in Ishikawa cells. J The length of the qPCR product was tested by DNA gel
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We used the JASPAR database and PROMO software 
to predict the transcription factors that can regulate 
GPX4 expression. Two potential transcription factors 

including ELK1 and HNF4A were used as candidates. 
Through the double-luciferase reporter assay, only ELK1 
showed high relative luciferase activity of the GPX4 

Fig. 7  ELK1 / GPX4 axis is involved in the progression of EC by regulating ferroptosis. A, B Cell proliferation and migration ability were assessed by 
CCK8 and transwell assay after overexpression of ELK1 and downregulation of GPX4. C, D Ferroptosis activity was detected by the Fe2+ and MDA 
assay after overexpression of ELK1 and downregulation of GPX4
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promoter. The ChIP-qPCR analysis clearly showed that 
ELK1 can directly regulate its transcription by binding to 
GPX4 promoter. Nevertheless, the expression of GPX4 
was up-regulated or down-regulated after overexpression 
or interference with ELK1, which further proved that the 
activity of GPX4 promoter induced by ELK1 was ELK1 
dependent.

ETS Transcription Factor ELK1 (ELK1), as a transcrip-
tion factor that triggers downstream targets including 
c-Fos proto-oncogene [40–42], is involved in regulat-
ing the expression of various genes associated with cell 
growth, proliferation, apoptosis, tissue remodeling, and 
angiogenesis. ELK1 enhances its binding activity to 
DNA through its ETS domain, so as to connect the tar-
get gene promoter to regulate the expression and activ-
ity of downstream proteins [43, 44]. A large number of 
studies have shown that ELK1 can be used as a cancer 
protein for many human cancers, including pancreatic 
cancer [45, 46], colorectal cancer [47, 48], gastric cancer 
[49], lung cancer [50], and nasopharyngeal carcinoma 
[51]. Considering the unique role of ELK1 in activat-
ing gene transcription related to cancer progression, we 
conducted an in-depth evaluation of its value in endo-
metrial carcinoma and confirmed that ELK1 enhanced 
GPX4 transcription, inhibited ferroptosis, and promoted 
cancer progression.

In conclusion, our results suggest that GPX4 inhibits 
ferroptosis and promotes endometrial carcinoma pro-
gression through ELK1 transcriptional activation, and 
ELK1 / GPX4 axis is expected to become a new direction 
for the treatment of EC.

Finally, we found that there are still some limitations 
in our work. First of all, the EC samples we detected 
are relatively fewer and the pathological types only 
focus on endometrioid adenocarcinoma. Expanding the 
number of tissue samples and pathological types of EC 
should be better. Then, since we found and confirmed 
that ELK1 could transcribe and activate the expres-
sion of GPX4, it can be used as a new target to regu-
late ferroptosis. If a compound that can inhibit ELK1 is 
screened, it can promote ferroptosis to treat EC. How-
ever, due to technical limitations, we have not achieved 
this step. We hope that drugs or inhibitors targeting 
ELK1 will be invented in the future to help improve the 
survival of EC.

Conclusion
In conclusion, the findings presented in this study pro-
vides a proof of concept for GPX4 as the key regulator 
of ferroptosis in EC and ELK1 as a positive regulator 
genetically upstream of GPX4. These findings implicate 
a ELK1 / GPX4 axis in the progression of EC and the 

role of ferroptosis resistance. Therefore, the mechanis-
tic characterization of ELK1 / GPX4 axis may help to 
pave the way to develop a new therapeutic strategy for 
targeting ELK1 and its downstream effector GPX4 in 
patients with EC.
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