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The incidence of endometrial cancer (EC) continues to rise. Disulfidptosis, a novel form of cell death, may represent a potential
therapeutic target in EC. Through bioinformatic analysis of The Cancer Genome Atlas (TCGA) database, E2F1 mRNA-stabilizing
lncRNA (EMSLR) was identified as a lncRNA related to disulfidptosis in EC. Functional assays, including cell proliferation and
xenograft assays, demonstrated that knockdown of EMSLR significantly impeded EC cell proliferation, whereas overexpression of
EMSLR promoted cell viability. Additionally, EMSLR was found to be associated with glucose uptake and NADPH production in
glucose-restricted culture conditions. Moreover, downregulation of EMSLR markedly increased cell death and induced cytoskeletal
collapse under glucose deprivation, as evidenced by F-actin and cell death staining. Notably, we observed a strong correlation
between EMSLR and the c-MYC-GLUT1 pathway. Mechanistically, EMSLR was found to mediate the expression and nuclear
translocation of c-MYC, thereby regulating the progression of EC and its associated disulfidptosis. In conclusion, EMSLR is identified
as a disulfidptosis-related gene in endometrial cancer. Elucidating the function and molecular mechanisms of EMSLR in EC presents
a promising avenue for therapeutic intervention in patients.

Cancer Gene Therapy (2025) 32:1107–1119; https://doi.org/10.1038/s41417-025-00918-4

INTRODUCTION
Endometrial cancer (EC) is one of the most common gynecological
malignances [1]. The 5-year survival rates of patients with advanced
tumors, especially stage III/IV, remain only 48% and 15%, respectively
[2]. Worse still, the median overall survival (OS) of recurrent/metastatic
EC patients is extremely short, less than 15 months [3]. Cell death can
be generally classified into apoptosis and necrosis [4]. The under-
standing of cell death is of great significance for revealing the
underlying mechanisms of disease. Disulfidptosis is a novel type of cell
death caused by disulfide stress due to excess cystine accumulation [5].
Unlike conventional cell death modes such as apoptosis and
ferroptosis, it cannot be inhibited by known cell death inhibitors, nor
can it be inhibited by silence of key genes for ferroptosis or apoptosis.
Elevated levels of reactive oxy are thought to be oncogenic, causing
damage to DNA, proteins and lipids, promoting genetic instability in
cancer. But toxic levels of ROS production in cancers are anti-
tumourigenic, resulting in an increase of oxidative stress and induction
of tumor cell death [6]. Tumor cells require sufficient cysteine to form
reduced GSH to maintain stable intracellular ROS levels. Generally, the
cystine uptake increases when the cancer cells, those with abnormal
expression of cysteine transporter SLC7A11, confront glucose starva-
tion. In the meantime, the insufficient supply of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) also leads to abnormal
accumulation of disulfides such as cystine, thus inducing disulfide
stress. Disulfide stress triggers the formation of intracellular disulfide
bonds amongst actin cytoskeletal proteins, further leading to the

collapse of the cytoplasmic membrane and cell death [7]. Disulfidptosis
regulators exhibited the highest average SNV frequency in EC tumors
[8]. In a pan-cancer disulfidptosis study, lower disulfidptosis levels were
observed in EC tissue compared to normal endometrial tissue, and EC
patients with higher disulfidptosis risk exhibited better overall survival
compared to patients with lower risk [9]. However, the specific
molecular mechanism of disulfidptosis in endometrial cancer has not
been well understood.
In recent years, the relationship between lncRNA and tumors

has received extensive attention. lncRNAs belong to a class of
RNAs that are longer than 200 nucleotides and do not participate
in coding [10]. It plays an important role in epigenetic regulation,
transcriptional regulation and post-transcriptional regulation.
Besides, lncRNAS are reported to closely relate to the occurrence,
development and prognosis of cancer [11, 12]. Numerous studies
have shown that lncRNA can be used as a biomarker and a
potential therapeutic target in endometrial cancer [13, 14].
Previously, E2F1 mRNA stabilizing lncRNA (EMSLR) has been
reported as cancer stem cell-associated lncRNA in triple-negative
breast cancer, suggesting it could serve as a potential prognostic
biomarker [15]. In addition, EMSLR was also thought to play an
important role in cell cycle regulation [16]. Moreover, EMSLR
regulates tumor proliferation and differentiation in lung cancer,
and is positively correlated with the expression of c-myc [17].
Importantly, EMSLR has been identified as a disulfidptosis-
associated lncRNA in lung cancer [18, 19]. However, the cellular
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function and molecular mechanism of EMSLR in endometrial
cancer are not well understood.
In this study, EMSLR has been identified as a disulfidptosis-related

lncRNA through bioinformatics analysis. It is highly expressed in
endometrial cancer tissue compared to normal tissue and indicates a
poorer prognosis. Mechanistically, EMSLR was found to promote tumor
growth and inhibit disulfidptosis via regulating c-MYC in endometrial
cancer. It can be a promising target in the treatment of UCEC.

METHODS
Data collection
Clinical information and expression profiles of EC patients were down-
loaded from The Cancer Genome Atlas (TCGA) database.

Screen disulfidptosis-related lncRNAs
The disulfidptosis-related lncRNAswere obtained using Pearson correlation
analysis (|Pearson R| > 0.35、P < 0.001). The “ggplot2”, “dplyr”, “ggalluvial”,
“limma”package were utilized for visualization of disulfidptosis-related
lncRNAs. The disulfidptosis-related genes were identified according to the
previous research [20].

Construction and validation of the risk signature
The EC samples were assigned as training group and testing group at the
ratio of 1 to 1. In training group, the univariate Cox regression analysis was
applied to obtain disulfidptosis-related lncRNAs. Then, the least absolute
shrinkage and selection operator regression analysis (LASSO), together
with the multivariate Cox regression analysis were applied to acquire the
disulfidptosis-related lncRNAs for risk signature establishment. The
calculating formula was as follow:

Risk score ¼ P
ExpðlncRNAÞ ´ coefðlncRNAÞ½ �

The Exp (lncRNA) refers to the expression of above-mentioned lncRNAs.
The coef (lncRNA) refers to the regression coefficient of disulfidptosis-
related lncRNAs. The “survmine” and “survival” packages were applied to
verify the risk signature using receiver operating characteristic curves
(ROC) and the area under the time-dependent ROC curves (AUCs).

Principal component analysis (PCA)
PCA, plotted by the “Scatterplot3d” package, was used to observe the
group ability of predictive models or other clinicopathological indicators.

Tissue Microarray and clinical samples
EC patients tissue samples and their clinical information were obtained
from Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine according to the approval of Ethical Review
Board. All patients did not receive chemo- or radiotherapy before surgery.
The written informed consents were obtained from patients under the
approval of Ethical Review Board.

Immunohistochemistry (IHC) and in site hybridization (ISH)
staining
IHC was performed as previously described [21].The antibody applied in the
research were as Mouse-anti-c-MYC(1:50, Proteintech, Cat#67447-1-Ig), Rabbit-
anti-GLUT1(1:50, Proteintech, Cat#21829-1-AP). The EMSLR-specific probe was
synthesized by Servicebio (Wuhan, China). The IHC and ISH quantification were
completed by two pathologists in a blinded manner. The staining intensity was
classified as 0 = negative, 1 = weak, 2=moderate, 3=positive.

Cell culture and transfection
The ISHIKAWA and HEC-1-A endometrial cancer cell lines were obtained
from Shanghai Sixth People’s Hospital and Ruijin Hospital. The cell lines
were authenticated by short tandem repeat (STR) profiling and were tested
for mycoplasma contamination. Cells were maintained in the Dulbecco’s
modified Eagle’s medium (DMEM, GIBCO) added with fetal bovine serum
(FBS, 10%) and 1% penicillin/streptomycin (P/S). Cells were incubated at
37 °C with 5% CO2. The reagents used in the study were as: 2.85mM
β-mercaptoethanol (2ME) (Macklin, CAT#M6230), 1 µM BAY-876 (MCE,
CAT#HY-100017) according to the manufacturer’s guideline.

The siRNA targeting against EMSLR were purchased from Gene Pharma
(Shanghai, China). siEMSLR-1: 5-CCUCUGACGGGAACCGAAGTT-3, siEMSLR-2:
5- CAGCAAUUCUGGAUAUGGUTT-3. EMSLR overexpression was achieved
using plenti-CMV-MCS-PGK-Puro synthesized by YiXueSheng Biosciences
Inc (Shanghai, China). Stable cell line was maintained in the complete
medium with 5 μg/mL of puromycin. Cell transfection was performed as
previously described [22].

Cell functional assays and 5-Ethynyl-2′-deoxyuridine (EdU)
incorporation assay
CCK-8 cell viability assay was performed using Cell Counting Kit-8
(KTA1020, Abbkine, China). The treated cells were seeded in the 96 well
plate at the density of 2000/well. Cell viability was measured by microplate
reader (M1000 PRO, TECAN) under the absorbance wavelength of 450 nm.
The experiments were done in triplicates. The cell colony formation assay
was performed as previously mentioned [23]. EdU staining assay was
performed according to the manufacturer’s guideline using EdU assay
detection kit (Beyotime Biotechnology, Shanghai, China). 3х104 cells were
plated in each well of the 8-well chamber (ibidi, Germany, Cat#80826).
After staining, the sample was imaged by Zeiss LSM 510 (Zeiss, Germany).
All assays were performed in triplicate and the results were obtained in
three independent experiments.

Xenograft assays
5-week-old BALB/C nude female mice were kept in the Specific Pathogen
Free (SPF) Laboratory Animal Center according to the NIH guidelines.
Briefly, 2 × 106 of HEC-1-A cells which stably express shNC/shEMSLR were
injected subcutaneously at the posterior axillary line of each mouse
(randomized into 2 groups, n= 5). Tumor size was measured using vernier
calipers every week (volume=long diameter × short diameter × short
diameter × 1/2). Mice were sacrificed one month after the injection.
Tumors were weighted and prepared for the following analysis.

Western blotting (WB) and quantitative real time PCR (qPCR)
Proteins were isolated from cells by using RIPA Lysis Buffer (Servicebio, Wuhan,
China), and the protein concentrations were quantified by Enhanced BCA Protein
AssayKit (Beyotime,Shanghai,China).Proteinsampleswereaddedtotheholesand
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed
by transferring onto polyvinylidene fluoride membranes. After blocking with 5%
skim milk, the membranes were then probed with primary antibodies at 4 °C
overnight. After that, HRP-labeled secondary antibodies were added for 1 h
treatment at 37 °C. Signals were detected by BeyoECL Plus (Beyotime)
and quantified using ImageLab software. β-actin was served as the
endogenous control. The antibody were as mouse-anti-β-actin (1:3000,
Servicebio, Cat#GB12001), Mouse-anti-c-MYC(1:50, Proteintech,
Cat#67447-1-Ig), Rabbit-anti-GLUT1(1:50, Proteintech, Cat#21829-1-AP),
Goat Anti-Rabbit IgG (H + L) HRP (1:5000, AB0101, Abways), Goat Anti-
Mouse IgG (H + L) HRP (1:5000, AB0102, Abways).
Total RNA was extracted by SteadyPure Quick RNA Extraction Kit

(ACCURATE BIOLOGY, China). RNA reverse transcription was completed
using Evo M-MLV RTMix Kit (ACCURATE BIOLOGY, China). SYBR green Premix
Pro taq HS qPCR Kit (ACCURATE BIOLOGY, China),10µl system (4.2 µl cDNA
+5 µl SYBR green 2 × premix+0.4 µl primer forward+0.4 µl primer reverse)
was applied to perform PCR at the recommended thermal setting in Viia7
Thermo Scientific. The primer sequences were as: EMSLR (human) forward
GCACGCACCTCTCCTCTGAC, reverse GTGGCTTCTCGGCTGAATCCC; 18S for-
ward GGCCCTGTAATTGGAATGAGTC, reverse CCAAGATCCAACTACGAGCTT.
Triplicate reactions were performed for each sample. The quantitative mRNA
expressions were normalized to 18S and determined by 2−ΔΔCt method.

F-actin staining
3 × 104 cells were seeded in each well. Once attached to the plate, cells
were fixed by paraformaldehyde for 15min. 0.4% Triton X-100 was applied
for permeabilization. 5 min after, 594-phalloidin (ShareBio, Cat. No. SB-
YP0052) was utilized at the diluting ratio of 1:200 for 20min at room
temperature, followed by 10min of DAPI staining. Cells were imaged by
Zeiss LSM 510 (Zeiss, Germany).

Cell death staining
Cells were seeded in the 12 well plate at appropriate density and cultivated
in glucose present/deprivation medium (DMEM no-glucose, GIBCO) or
treated with required drugs. Dead cells were stained with PI (ShareBio, Cat.
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No. SB-Y6002) and detected by flow cytometry (LSRFortessa, Becton
Dickinson). All data were analyzed by FlowJo V1.

Glucose consumption assay and NADP+/NADPH
measurement
The glucose consumption assay was performed using Glucose kit (glucose
oxidase method) (Nanjing Jiancheng Bioengineering Institute CAT#A154-1-
1) following the manufacturer’s instruction. The value was measured by
microplate reader under the absorbance wavelength of 505 nm. NADP+/
NADPH Assay Kit with WST-8 (S0179, Beyotime, China) was applied to
detect the relative value of NADP+/NADPH. All samples were detected
measured by microplate reader (M1000 PRO, TECAN) under the
absorbance wavelength of 450 nm.

Statistical analysis
IBM SPSS Statistics (Version 25BK.0) was used for statistical analysis. Graphs
generation was completed by GraphPad Prism 8 (San Diego, USA). All data
was represented as mean ± standard deviation (SD) in histogram.
Significance was calculated by Student’s t-test or one-way ANOVA.
Correlation analysis was performed by Pearson’s correlation analysis.
*P < 0.05, **P < 0.01 and ***P < 0.001.

RESULTS
Identification of disulfidptosis-related lncRNAs, construction
and validation of dislufidptosis-related lncRNAs risk signature
The expression profiles with clinical and pathological information
were downloaded from TCGA database. The disulfidptosis-related
genes were obtained from the published research. Initially, 1405
disulfidptosis-related lncRNAs associated with (|Pearson R| > 0.35, and
p< 0.001) were identified through Pearson correlation analysis (Fig.
1B). A total of 472 endometrial cancer samples were randomly
divided into training group (236 samples) and testing group
(236 samples) (Fig. 1A). In training group, 80 prognosis-associated
lncRNAs were identified via univariate COX regression analysis.
Subsequently, through LASSO regression analysis and multivariate
COX regression analysis, 12 genes related to disulfidptosis were
selected to construct a disulfidptosis-related risk signature (Fig. 1C–E).
Among these genes, 6 genes are protective factors (AL359220.1,
NRAV, AL161421.1, AC020765.2, AC083855.2, AC004596.1) and the
other six are detrimental factors (AP003059.1, AC103563.9, EMSLR,
AL356481.2, AC010761.1, LINC01719). The calculation formula
for the risk scores of the risk signature is as follow: risk score
=0.8904×Exp (AP003059.1)+ -0.7578×Exp (AL359220.1) + 1.0380×Exp
(AC103563.9) + 0.4320×Exp (EMSLR) + 1.3204×Exp (AL356481.2) +
0.5031×Exp (AC010761.1) + 0.8328×Exp (LINC01719) +-0.7031×Exp
(NRAV) +-0.3444×Exp (AL161421.1) +-0.9563×Exp (AC020765.2)
+-0.7123×Exp (AC083855.2) +-0.7063×Exp (AC004596.1). Based on
the median of risk scores, 472 endometrial cancer samples were
divided into high-risk and low-risk groups.
As was shown, the heatmap depicted the expression level of 12

disulfidptosis-related lncRNAs (Fig. 1F). The risk signature presented
a good predictive ability for the prognosis of EC patients as the risk
scores calculated based on the risk signature are negatively
correlated with the prognosis of EC patients (Fig. 1G). With the
augmentation of risk scores, the number of deceased patients also
increased (Fig. 1H). Moreover, patients in the high-risk group had a
worse prognosis compared to those in the low-risk group (p < 0.001)
(Fig. 1I, J). In addition, the areas under the ROC curves (AUCs) also
indicated that the risk signature had good accuracy in predicting
the prognosis of EC patients (0.740 at 1-year, 0.852 at 2-year, 0.864
at 3-year) (Fig. 1K). Ultimately, the risk signature was found to be an
independent risk factor affecting the prognosis of EC patients
through univariate and multivariate COX regression analyses in
examining the influencing factors of EC.
To validate the accuracy of the risk signature in predicting

patient prognosis, we included it in both testing group and
entire group for examination. The heatmap showed the

expression levels of 12 disulfidptosis-related lncRNAs in each
sample of testing group and entire group (Supplementary Fig.
1A). In both testing group and entire group, risk scores are
positively correlated with the number of deaths among UCEC
patients, while patients in the high-risk group have a worse
prognosis (Supplementary Fig. 1B–D). In addition, the AUCs have
also indicated that the risk signature had good predictive ability
in both testing group and entire group (Supplementary Fig. 1E).
Through univariate and multivariate COX regression analyses of
two groups, the risk signature was identified as an independent
risk factor affecting the prognosis of EC patients. In summary,
the risk signature demonstrates accurate predictive ability for
the prognosis of EC patients in both the testing group and the
entire group, yielding results similar to those in the
training group.
After verifying the predictive ability of the risk signature,

Principal Component Analysis (PCA) was performed to assess the
grouping capability of the risk signature. The image displayed the
PCA plots based on whole-genome expression profiles, 10
disulfidptosis-related genes, 12 disulfidptosis-related lncRNAs,
and the risk signature (Fig. 1L–O). It is evident that the risk
signature effectively separates the samples into two distinct
groups.

The expression of EMSLR is upregulated in endometrial cancer
and correlates with poor prognosis
To validate that the disulfidptosis occurs in high-SLC7A11-
expressed tumor, we detected the expression of SLC7A11 in
different types of cancer. It was found that compared with other
cancer type, endometrial cancer samples performed higher
SLC7A11, which was in accordance with our expectation (Fig
2A). Next, we applied the online server GEPIA to further determine
the important role of EMSLR in endometrial cancer. It was found
that EMSLR highly expressed in endometrial cancer tissue
compared to normal tissue and correlated with poorer prognosis
(Fig. 2B, C). The IHC staining results have also verified the above-
mentioned findings (Fig. 2E). In addition to that, the expression of
EMSLR in endometrial cancer increased along with the patholo-
gical grade of tumor, suggesting its important role in the
progression of EC. We have also analyzed the correlation of
EMSLR expression and immune characteristics. As a result, higher
EMSLR expression was observed in microsatellite instability-low
(MSI-L) or microsatellite instability-high (MSI-H) tumors rather than
microsatellite-stable (MSS) tumors, which is related to better
prognosis (Fig. 2D). This finding also provided us a new approach
in EC patients personal treatment. To conclude, EMSLR highly
expresses in endometrial samples and relates to a poorer
prognosis of EC patients.

EMSLR promotes cell proliferation of endometrial cancer in
vitro and in vivo
To further investigate the role of EMSLR in the development of
endometrial cancer, we first knockdown or overexpressed the
expression of EMSLR in HEC-1-A and ISHIKAWA cells (Fig. 3A). As a
result, the CCK-8 cell viability assay, cell colony formation assay
and EdU assay have significantly suggested that the knockdown
of EMSLR impeded the proliferation of endometrial cancer cells
while EMSLR overexpression showed the opposite results (Fig.
3B–E). These findings have initially confirmed the important role of
EMSLR during the development of endometrial cancer. In
addition, we have also injected the shNC/shEMSLR HEC-1-A cells
subcutaneously in the BALB/C nude female mice. As was
expected, it was found that EMSLR also promoted tumor growth
in vivo in terms of tumor size and weight. In conclusion, EMSLR
promotes endometrial cancer cell proliferation both in vitro and
in vivo, indicating its importance in the progression of endome-
trial carcinoma.
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Fig. 1 Identification of disulfidptosis-related lncRNAs, construction and validation of dislufidptosis-related lncRNAs risk signature.
A Flowchart of establishing disulfidptosis risk model. B Sankey diagram of disulfidptosis-related genes and disulfidptosis-related lncRNAs.
C Cross-validation plot for the penalty term. D LASSO expression coefficient plot of disulfidptosis-related lncRNAs. E Correlation heatmap of
disulfidptosis-related lncRNAs and disulfidptosis-related genes. F Risk heatmap of the training group. G Distribution plot of risk scores in the
training group. H Scatter plot of survival status in the training group. I, J Kaplan–Meier (KM) analysis for overall survival and progression-free
survival in the training group based on the TCGA database. K ROC curve predicting the overall survival in training group. L–O PCA plot of all
genes, of disulfidptosis-related genes, of disulfidptosis-related lncRNAs and of risk signature.
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Fig. 2 The expression of EMSLR is upregulated in endometrial cancer and correlates with poor prognosis. A IHC staining of SLC7A11 in
pan-cancer tissue samples. B Expression profile of EMSLR in TCGA datasets. C Kaplan–Meier analysis of overall survival and disease-free
survival in patients with high or low EMSLR expression on GEPIA. D Representative images and histogram of EMSLR IHC staining in
endometrial cancer tissue with MSS, MSI-L and MSI-H. Scale bar = 50 µm. E Representative images of EMSLR IHC staining in different grade of
endometrial cancer or para-tumor tissue with its analysis. Scale bar = 50 µm. ***P < 0.001.

Y. Sun et al.

1111

Cancer Gene Therapy (2025) 32:1107 – 1119



Fig. 3 EMSLR promotes cell proliferation of endometrial cancer in vitro and in vivo. A Knockdown and overexpression efficiency of EMSLR
validated by qPCR. B CCK-8 analysis in EMSLR knockdown or overexpressed HEC-1-A and ISHIKAWA cells with its statistical analysis.
C, D Representative image of cell colony formation assay of EMSLR knockdown or overexpressed HEC-1-A and ISHIKAWA cells with its
statistical analysis. E Representative image of EdU staining of EMSLR knockdown HEC-1-A and ISHIKAWA cells with its statistical analysis. Scale
bar = 100 µm. F Image of injected shNC/shEMSLR HEC-1-A cells formed tumors. Scale bar = 1 cm. G, H Tumor growth curve of xenograft assay
and histogram of tumor weight with its analysis. *P < 0.05, **P < 0.01 and ***P < 0.001.

Y. Sun et al.

1112

Cancer Gene Therapy (2025) 32:1107 – 1119



Fig. 4 EMSLR involves in disulfidptosis triggered by glucose deprivation in EC. A F-actin staining of siNC/siEMSLR, VECTOR/EMSLR HEC-1-A
and ISHIKAWA cells maintained in glucose complete or free medium for 4 h. Scale bar =100 µm. B Cell dead staining of siNC/siEMSLR HEC-1-A
and ISHIKAWA cells in glucose complete, glucose free, glucose free with 2.85 mM 2ME medium for 12 h with statistical analysis. C GSEA used a
KEGG gene set of EMSLR in TCGA database. D Correlation analysis between EMSLR with G6PD, PGD, RPE, TKT and RPIA using GEPIA. E Glucose
consumption assay of siNC/siEMSLR HEC-1-A and ISHIKAWA cells. F NADP+/NADPH detecting assay of siNC/siEMSLR HEC-1-A and ISHIKAWA
cells in glucose complete and glucose free medium. N.S: not significant, *P < 0.05, **P < 0.01 and ***P < 0.001.
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EMSLR involves in disulfidptosis triggered by glucose
deprivation in EC
To investigate whether EMSLR is involved in the disulfidptosis of
endometrial cancer, cells with EMSLR knockdown or overexpres-
sion cell line were subjected to F-actin staining and cell death
staining. As a result, cell skeleton presented no difference under
the circumstance of glucose complete medium (Fig. 4A). However,
EMSLR knockdown significantly increased cell shrinkage com-
pared to control group in glucose-deprived medium. On the
contrary, EMSLR overexpression could resist the morphological
alteration of the cytoskeleton to a large extent under this
situation. Consistent with the findings in cytoskeleton, EMSLR
downregulation augmented cell death in glucose starving
medium while the overexpression of EMSLR decreased the death
rate (Fig. 4B, Supplementary Fig. 3A). Then, we applied
disulfidptosis inhibitor 2ME, a strong reducing agent, in the

glucose-deprived medium. It was found that 2ME could rescue cell
death when glucose was deprived.
The occurrence of disulfidptosis was greatly due to the

inadequate supply of NADPH, which was generated from glucose
through the pentose phosphate pathway (PPP) [24]. Next, we
conducted the Gene Set Enrichment Analysis (GSEA) of lncRNA
EMSLR in the TCGA database. Intriguingly, EMSLR was found to be
significantly correlated with the PPP pathway. Moreover, it was
also strongly associated with pathway enzyme G6PD, PGD, RPE,
TKT and RPIA at the transcriptional level using Gene Expression
Profiling Interactive Analysis (GEPIA) online server (Fig. 4C, D) [25].
To confirm this, we first detected glucose consumption in EMSLR
knockdown/overexpressed endometrial cells. As was expected,
EMSLR significantly regulated glucose consumption while knock-
down decreased the uptake level and vice versa (Fig. 4E,
Supplementary Fig. 3B). To further explore the role of EMSLR in

Fig. 5 EMSLR regulated EC cell proliferation through GLUT1. A Correlation analysis of EMSLR with GLUT1 via GEPIA. B Western blotting of
GLUT1 in EMSLR knockdown or overexpressed HEC-1-A and ISHIKAWA cells. C, D Representative images of EdU staining of VECTOR/EMSLR
HEC-1-A and ISHIKAWA cells treated with DMSO or BAY876 and its statistical analysis. Scale bar = 100 µm. E, F Representative images of cell
colony formation assay of VECTOR/EMSLR HEC-1-A and ISHIKAWA cells treated with DMSO or BAY876 and its statistical analysis. Scale bar =
1 cm. N.S: not significant, *P < 0.05, **P < 0.01 and ***P < 0.001.
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EC disulfidptosis, we detected the NADP+/NADPH ratio of
endometrial cancer cells. The down-expression of EMSLR
enhanced the NADP+/NADPH ratio significantly while forced
expression of EMSLR reduced the value under the condition
where glucose was restricted (Fig. 4F, Supplementary Fig. 3C). In
conclusion, EMSLR is involved in disulfidptosis in endometrial
cancer which is triggered by glucose deprivation.

EMSLR regulated EC cell disulfidptosis and proliferation
through GLUT1
As was previously reported, the inhibition of glucose transporter 1
(GLUT1) led to the disulfidptosis of cancer cells [26]. As a
transporter for glucose, GLUT1 highly expressed in many cancer
types including endometrial carcinoma, playing an important role
in the tumorigenesis. In this study, we utilized GLUT1 inhibitor
BAY876 to explore whether EMSLR influenced GLUT1 to modulate

cancer progression and cell disulfidptosis of EC. Firstly, we verified
the association between GLUT1 and EMSLR through correlation
analysis and immunoblotting (Fig. 5A, B). Through cell colony
formation assay and EdU staining, it was found that the
application of BAY876 significantly impeded endometrial cancer
cell viability. Interestingly, the overexpression of EMSLR restored
the inhibitive effect (Fig. 5C–F). These results suggested that
EMSLR promoted endometrial cancer cell proliferation via
regulating GLUT1. Subsequently, to further investigate whether
EMSLR modulated EC disulfidptosis through GLUT1, F-actin
staining and cell death staining were performed. In accordance
with the findings above, cell morphology and death rate
presented no difference in glucose-abundant condition (Supple-
mentary Fig. 4B). However, GLUT1 inhibitor induced cell shrinkage
and cell death when glucose was deprived, while the forced
expression of EMSLR reversed the detrimental impact (Fig. 6A, B).

Fig. 6 EMSLR regulated EC cell disulfidptosis through GLUT1. A F-actin staining of VECTOR/EMSLR HEC-1-A and ISHIKAWA cells treated with
DMSO or BAY876 maintained in glucose-free medium for 4 h. Scale bar = 50 µm. B Cell death staining of VECTOR/EMSLR HEC-1-A and
ISHIKAWA cells treated with DMSO or BAY876 in glucose complete/free/glucose free with 2.85 mM 2ME medium for 12 h and its statistical
analysis. N.S: not significant, *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 7 EMSLR involves in EC cell progression via c-MYC-GLUT1 pathway. A GSEA used a HALLMARK gene set of EMSLR in TCGA database.
B Correlation analysis between EMSLR with MYC using GEPIA. C Western blotting of c-MYC in EMSLR knockdown or overexpression HEC-1-A
and ISHIKAWA cell lines. D CCK-8 assay of siNC/siEMSLR with VECTOR/ c-MYC HEC-1-A and ISHIKAWA cells with its analysis. E, F Cell colony
formation assay using siNC/siEMSLR with VECTOR/ c-MYC HEC-1-A and ISHIKAWA cells and Statistical analysis. G F-actin staining of siNC/
siEMSLR with VECTOR/ c-MYC HEC-1-A and ISHIKAWA cells maintained in glucose free medium for 4 h. Scale bar =50 µm. H, I Cell death
staining of siNC/siEMSLR with VECTOR/c-MYC HEC-1-A and ISHIKAWA cells in glucose complete/free/glucose free with 2.85 mM 2ME medium
for 12 h and its statistical analysis. N.S: not significant, *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 8 EMSLR regulates c-MYC-GLUT1 pathway and c-MYC nuclear translocation. A Representative images of IHC and ISH staining of c-MYC,
GLUT1 and EMSLR in EC patients. Scare bar = 50 µm. B IF staining of c-MYC in EMSLR knockdown and overexpression HEC-1-A and ISHIKAWA
cells. Scare bar = 50 µm. C Mechanical illustration of EMSLR regulating c-MYC-GLUT1 pathway in cervical cancer cell disulfidptosis and
progression.
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In summary, EMSLR is involved in EC cell disulfidptosis and growth
via regulating GLUT1.

EMSLR involves in EC cell progression via c-MYC-GLUT1
pathway
To further investigate how EMSLR modulate GLUT1 in the
development of EC, we explored the potential mechanism by
GSEA analysis. Surprisingly, we found that EMSLR was significantly
associated with c-MYC pathway (Fig. 7A). Moreover, the correla-
tion analysis indicated that the expression of c-MYC strongly
correlated with EMSLR (Fig. 7B). It was well known that the
transcription factor c-MYC upregulated glycolytic gene GLUT1 in
glucose metabolism [27]. To verify the conjecture that EMSLR
enhance c-MYC—GLUT1 pathway to promote EC, we first
detected the expression of c-MYC in EMSLR knockdown or
expression EC cells. In the expectation with our hypothesis, we
observed a positive correlation of EMSLR and c-MYC by western
blotting (Fig. 7C). Then, the CCK-8 assay and cell colony formation
assay have shown that the overexpression of c-MYC could
abrogate the inhibitive effect brought by EMSLR knockdown,
indicating that EMSLR modulated EC cell proliferation through
regulation of c-MYC (Fig. 7D–F). Subsequently, we performed
F-actin staining and cell death staining to detect the influence in
EC disulfidptosis. As a result, c-MYC overexpression restored the
cell death rate and cytoskeleton alteration caused by EMSLR
knockdown compared to the control group in glucose-limited
situation (Fig. 7G–I). In accordance with the above-mentioned
results, no significance was observed in glucose-abundant
circumstance (Supplymentary Fig. 4A). However, the addition of
2-ME partially decreased the cell death in glucose-deprivation
condition. In addition, IHC and IF staining on EC tissue from
patients have verified the positive correlation of EMSLR expression
with c-MYC and GLUT1(Fig. 8A). Intriguingly, we have noticed the
nuclear translocation of c-MYC in EMSLR overexpressed ISHIKAWA
cells, which suggested that EMSLR regulated c-MYC from many
aspects (Fig. 8B). These results strongly support the hypothesis
that EMSLR regulates EC cell proliferation and disulfidptosis via c-
MYC-GLUT1 pathway.
Plus, the sensitivity of EC cells to paclitaxel is influenced by the

expression of the lncRNA EMSLR. Paclitaxel is the first choice for EC
chemotherapy. Through CCK-8 cell viability assay, as EMSLR
knocked down, paclitaxel IC50 of both HEC-1-A and ISHIKAWA
cells decreased. And EMSLR overexpression showed higher
paclitaxel IC50 (Supplementary Fig. 5C).

DISCUSSION
The incident of EC is rapidly increasing. Although early diagnosed
endometrial cancer with surgical treatment carries a good
prognosis, it is still a challenge for high-grade, recurrent or
metastatic EC and other non-endometrioid histologies [28]. Hence,
it is vital to explore potential molecular therapeutic targets.
Multiple types of RCD were found to correlate with cancer drug
sensitivity [29]. Disulfidptosis is a newly discovered modality of cell
death. Its mechanism is different from apoptosis and ferroptosis,
which cannot be inhibited by conventional cell death inhibitors.
There is no doubt that in-depth exploration of disulfidptosis in
endometrial cancer and targeting potential molecular targets is of
great significance for the screening and treatment of EC.
In this study, we performed bioinformatics analysis to establish

a risk signature based on 12 disulfidptosis-related lncRNAs in
predicting the prognosis of EC patients. Through the analysis of
the GEPIA database and EC patients from our hospital, we found
that EMSLR was highly expressed in EC tissue compared to normal
tissue and correlated with poor prognosis. EMSLR has been
identified as a disulfidptosis-related lncRNA in many other cancers.
We have verified that EMSLR promoted EC cell proliferation
in vitro and in vivo. In addition, we found that high expression of

EMSLR promoted paclitaxel resistance of EC cells. More impor-
tantly, EMSLR was found to impede disulfidptosis of endometrial
cancer cells under the condition where glucose was deprived.
EMSLR is an important molecule in endometrial cancer progres-
sion. Targeting EMSLR with genetic tools, such as siRNA, shRNA
and CRISPR/Cas9, in conjunction with chemotherapy, has the
potential to improve outcomes in patients with advanced poor
prognosis/recurrent endometrial cancer. However, its exact
mechanism in endometrial cancer is not clear yet.
GLUT1 plays an important role in the progression of endometrial

cancer. Importantly, a previous study has confirmed that inhibition
of GLUT1 can lead to enhancement of NADP+/NADPH ratio and
ultimately render disulfidptosis. In our research, we have verified the
role of EMSLR in regulating UCEC progression and disulfidptosis was
dependent on GLUT1. c-MYC is an important glycolysis-related
transcription factor. Many studies have confirmed the core role of
c-MYC in the regulation of GLUT1. In this study, through TCGA-
based GSEA analysis, we found that EMSLR was closely related to
the c-MYC pathway. According to our findings, it was showed that
EMSLR was positively correlated with c-MYC expression in
endometrial cancer. The subsequent functional assays confirmed
that EMSLR relied on the c-myc-GLUT1 pathway to regulate EC
progression and disulfidptosis. In addition to that, we have also
found that EMSLR might induce c-MYC nuclear translocation. We
hypothesized that EMSLR regulated the expression of c-MYC in the
nucleus via binding to it and, in the meantime, locked c-MYC in the
nucleus. However, the underlying mechanism remains to be
unveiled and further exploration is required.
In conclusion, we constructed a risk signature that could predict

the prognosis of EC patients. EMSLR was highly expressed in EC
and associated with poor prognosis. EMSLR plays a regulatory role
in EC progression and disulfidptosis through c-MYC-GLUT1
pathway. This study was the first to confirm the inhibitory effect
of EMSLR on endometrial disulfidptosis and elucidate the potential
mechanism.
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