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Abstract 

Disulfidptosis, a novel cell death paradigm triggered by disulfide stress, remains underexplored, particularly its 
implications for endometrial cancer (EC). This study focused on the prognostic significance of disulfidptosis-related 
genes (DRGs) in EC, highlighting the pivotal role of SLC3A2. To predict EC patient outcomes, we developed a model 
centered on DRGs, employing LASSO-Cox regression for its construction. The model revealed a strong correlation 
between DRG risk score, gene set enrichment analysis (GSEA), single-sample GSEA (ssGSEA), clinical characteristics, 
the tumor microenvironment (TME), and the response to immunotherapy. Key genes were pinpointed using random 
forest maps. To establish SLC3A2’s oncogenic effects in EC, we conducted comprehensive studies including apoptosis, 
cell cycle, TRANSWELL, CCK-8, and tumor xenograft assays. SLC3A2 expression was further confirmed via qRT-PCR. The 
impact of SLC3A2 on EC’s malignant behavior was corroborated through both in vitro and in vivo experiments.

Keywords Endometrial carcinoma (EC), Disulfidptosis-related genes (DRGs), Prognostic model, Tumor 
microenvironment (TME), Carrier family 3 member 2 (SLC3A2)

Introduction
Endometrial cancer (EC) ranks as the most common 
gynecologic malignancy in the United States, Europe, 
and various developed areas. Although early detection 
is frequent, leading to improved survival rates through 

effective treatment, advanced EC stages typically have a 
poor prognosis [1, 2]. Consequently, discovering a novel 
molecular biomarker for precise EC diagnosis, treatment, 
and prognostic assessment is of paramount importance.

Disulfide can maintain the spatial structure of pro-
teins, giving them physical and chemical stability 
through cross-linking between and within subunits [3, 4]. 
Disulfidptosis is a newly discovered way of cell death that 
differs from the previously discovered methods of apop-
tosis, ferroptosis and cuproptosis [5, 6]. Recent studies 
have shown that disulfidptosis plays an important role in 
tumor metabolism as Regulated cell death [7]. The earli-
est identified disulfide death gene, SLC7A11, when com-
bined with glucose starvation, can consume intracellular 
NADPH, resulting in a large accumulation of intracel-
lular disulfide molecules and rapid cell death [6]. Recent 
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studies have shown that disulfidptosis related genes 
(DRGs) SLC7A11 play an important role in bone meta-
bolic diseases [8]. Disulfidptosis has been shown to play 
an important role in a number of tumors, including liver 
cancer, lung cancer, and bladder cancers [9–11]. How-
ever, the role of DRGs in EC has not been reported. But 
the prognostic significance of DRGs in EC, and their rela-
tionship to immunotherapy and chemotherapy therapy, 
has remained largely elusive.

In our research, we undertook an extensive evaluation 
of genes prognostic for disulfidptosis. Utilizing LASSO 
regression, we developed a predictive model which estab-
lished itself as an independent factor for forecasting 
EC outcomes. Through random forest analysis, we pin-
pointed solute carrier family 3 member 2 (SLC3A2) as 
a critical gene. To corroborate SLC3A2’s significance in 
EC, we executed both in vivo and in vitro studies, offer-
ing fresh perspectives on EC prognosis and the realm of 
precision medicine.

Materials and methods
Data acquisition
We sourced clinical information and RNA sequenc-
ing data (FPKM format) from the TCGA database, with 
a specific focus on uterine corpus endometrial cancer 
(UCEC). This dataset encompassed RNA sequencing 
from 552 UCEC cases and 35 normal tissue samples, 
accompanied by clinical data for 541 patients. We iden-
tified 24 disulfidptosis-related genes (DRGs) as listed in 
Table S1, referenced from prior research [5, 12–15].

Identification of DRGs and construction of model
Our study involved a univariate Cox regression analysis 
of 24 disulfidptosis-related genes (DRGs). We utilized 
the "Limma" package to pinpoint differentially expressed 
DRGs. The TCGA dataset, our primary source for prog-
nostic data on endometrial cancer (EC) patients, con-
strained our model’s internal validation. We divided the 
TCGA-UCEC patient data into a training set (n = 272) 
and a test set (n = 269) for our analyses. In the training 
set, LASSO-penalized Cox regression was employed to 
refine our model [16]. We calculated the risk score by 
summing the expression levels of each gene, weighted by 
its corresponding coefficient. This led to the categoriza-
tion of UCEC patients in the training group into high-
risk or low-risk groups, based on a predefined cutoff. The 
model’s efficacy was then evaluated using the test group. 
Further, we developed a nomogram incorporating clini-
cal data of EC patients, comparing its predictive accuracy 
against existing models. For pathway enrichment analy-
sis, Gene Set Enrichment Analysis (GSEA) was applied. 
We also explored the relationship between risk scores 
and immune functions in patients, using single-sample 

GSEA (ssGSEA) analysis [17]. Key genes in our model 
were identified using R packages "randomForest" for ran-
dom forest map analyses.

Tumor microenvironment analysis
We used the "ESTIMATE" R package to calculate 
immune and stromal scores for each sample in our study. 
Following this, we applied the "limma" package to exam-
ine the relationship between the calculated risk scores 
and both immune and stromal scores. To evaluate can-
cer stem cell (CSC) levels in each patient’s tumor, we 
obtained epigenome and transcriptome data [18]. Using 
these datasets, we conducted correlation analyses to 
explore the association between risk scores and the pres-
ence of CSCs.

Human tissue specimens
Between 2019 and 2021, we collected 28 normal endome-
trial and 28 EC tissue samples from Shengjing Hospital of 
China Medical University. Prior to participation, all sub-
jects provided informed consent, ensuring adherence to 
ethical standards. We gathered clinicopathological data 
for each participant. Histopathologically, all EC cases 
were confirmed as endometrial adenocarcinoma. Two 
experienced pathologists, following the International 
Federation of Gynecology and Obstetrics (FIGO 2009) 
guidelines, independently verified the EC diagnoses. It’s 
important to note that none of the patients had under-
gone hormone therapy, radiotherapy, chemotherapy, or 
any other treatment before their surgery.

qRT‑PCR
For RNA extraction from the samples, we employed 
the TRIzol reagent (Vazyme, Nanjing, China) adhering 
strictly to the manufacturer’s guidelines. We then syn-
thesized complementary DNAs (cDNAs) using Prime 
Script RT-polymerase, also from Vazyme. To quantify 
the expression of target genes, we used SYBR Green Pre-
mix (Vazyme) in combination with specific polymerase 
chain reaction (PCR) primers (Sangon Biotech, Shanghai, 
China). The details of these primer sequences are listed 
in Supplementary Table  S2. We calculated fold changes 
in gene expression using the  2(−ΔΔCT) method.

Transfection of cells
We acquired shRNA sequences targeting SLC3A2 lenti-
viral vectors (JST scientific, Wuhan, China). Additionally, 
we sourced the overexpression plasmid of SLC3A2 (JST 
scientific, Wuhan, China). The specific shRNA sequences 
are detailed in Supplementary Table  S3. To transfect 
cells with these shRNAs, we used Lipofectamine 3000, a 
product of Invitrogen, following the manufacturer’s pre-
scribed protocol.
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Cell culture
Ishikawa and HEC-1A cells were cultured in distinct 
environments: ISHIKAWA cells in 1640 medium and 
HEC-1A cells in 5A medium, both sourced from Gibco 
in Carlsbad, CA, USA. These media were each enriched 
with 10% fetal bovine serum (FBS) and 1% penicillin–
streptomycin, also supplied by Gibco. The cells were 
incubated in a humidified setting at 37  °C, within an 
atmosphere comprising 5% carbon dioxide (CO2).

CCK‑8 assay
HEC-1A and Ishikawa cells were cultured in 96-well 
plates. After seeding, we added 10  µL of CCK-8 rea-
gent (Dojindo, Japan) to each well. The plates were then 
incubated at 37  °C in an atmosphere containing 5% 
CO2 for 3 h. To measure the optical density at 450 nm 
(OD450), we used a microplate reader. This measure-
ment was conducted at four different time points: 
immediately after treatment (0  h), and then at 24, 48, 
and 72 h post-treatment.

Cell invasion assay
To evaluate cell invasion capabilities, our experiment 
utilized the TRANSWELL assay. We prepared TRAN-
SWELL chambers with a pore size of 8  µm, coating 
them with a Matrigel solution to simulate the extra-
cellular matrix. For conducting the assay, we intro-
duced 200 µl of serum-free medium, containing 2 ×  104 
cells, into the upper chamber. Concurrently, 500  µl of 
medium enriched with 10% FBS was added to the lower 
chamber. the cells were fixed using 4% paraformalde-
hyde and subsequently stained with crystal violet after 
24  h. This staining technique facilitated the visualiza-
tion of cells that had successfully traversed through the 
Matrigel and adhered to the underside of the chamber. 
The migrated cells were imaged using a fluorescent 
inverted microscope (NIKON, Japan) at 200 × magni-
fication, and these images were subsequently analyzed 
for quantitative assessment.

Apoptosis assay
Following transfection, we processed 1 ×  106 cells from 
each experimental group with a thorough wash in phos-
phate-buffered saline (PBS). Subsequently, these cells 
were incubated at room temperature in a dark environ-
ment with phycoerythrin (PE) and fluorescein isothio-
cyanate (FITC) dyes for a duration of 15 min. This step 
was crucial for labeling the cells for subsequent analysis. 
To determine the percentage of apoptotic cells in the dif-
ferent experimental groups, we performed flow cytom-
etry analysis. This quantification was carried out using a 

DxFLEX flow cytometer, provided by Beckman, located 
in Suzhou, China.

Cell cycle analysis
Following cell transfection, we harvested 1 ×  106 cells and 
fixed them in 70% ethanol, storing the suspension at 4 °C 
overnight. After a subsequent rinse with phosphate-buff-
ered saline (PBS), we added 100µL of RNase A to the cell 
suspension and incubated it in a water bath at 37 °C for 
30 min. Next, 400µL of propidium iodide (PI) was intro-
duced, followed by a further 30-min incubation at 4 °C in 
the dark. The resulting cell suspension was then analyzed 
using flow cytometry. This analysis enabled the assess-
ment of cell distribution across different phases of the 
cell cycle.

Tumor xenografts in nude mice
BALB/cA-nu mice, aged between 4 and 6  weeks, were 
acquired from HFK Bioscience in Beijing, China. For the 
experiment, each mouse received a subcutaneous injec-
tion of 1 × 10^6 transfected cells in the axillary region. 
All animal experiments were meticulously conducted 
in compliance with the guidelines approved by the Sci-
entific Research and New Technology Ethical Commit-
tee of Shengjing Hospital, affiliated with China Medical 
University. The growth of the grafts was monitored and 
quantified using a specific formula: tumor volumes 
 (mm3) = length ×  (width2)/2. Tumor sizes were methodi-
cally measured every 4 days over a span of 28 days. At the 
conclusion of this period, the mice were humanely eutha-
nized. The extracted tumors were then processed for his-
tological examination: fixed in a 4% polysound solution, 
dehydrated, embedded in paraffin, and sectioned for 
immunohistochemical analysis. This meticulous process 
enabled detailed study of the tumors’ characteristics and 
responses to the treatment.

Results
In our study, we constructed a model of disulfidpto-
sis related genes that outperformed existing prognostic 
models. disulfidptosis related genes have not been stud-
ied in EC. Our study lays a foundation for future studies 
of disulfidptosis related genes in EC. In our constructed 
model, we screened out the key gene SLC3A2 and con-
ducted in vitro and in vivo experiments. We demonstrate 
that SCL3A2 is a promising target for EC therapy (Fig. 1).

Construction of a prognostic model
Univariate Cox regression showed that 7 out of DRGs 
were correlated with overall survival (OS) (Fig.  2A). 
We then performed Lasso-Cox regression analysis on 
these OS-related DRGs and obtained our prognos-
tic model according to the final result (Fig.  2B, C). Risk 
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score =  e((0.003 × Exp [ACTN4]) + (0.424 × Exp [INF2]) + (−0.107 × Exp 

[PDLIM1]) + (0.252 × Exp [SLC3A2]) + (0.454 × Exp [LRPPRC]) + (−0.613 × 

Exp [OXSM]))). The Kaplan–Meier (KM) analysis results 
showed that the high-risk group had a worse prognosis in 

the training set compared to the low-risk group (Figure 
S1A). The area under the receiver operating characteris-
tic (ROC) curves (AUCs) for 1-, 3-, and 5-year OS was 
calculated as 0.704, 0.751, and 0.727, respectively, in the 

Fig. 1 Comprehensive prognostic value analysis framework of disulfidptosis-related genes (DRGs) in uterine corpus endometrial carcinoma (UCEC) 
patients based on TCGA database
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training group (Figure S1B). The distribution of patients’ 
risk scores and survival status showed that the high-risk 
group did indeed have worse survival (Figure S1C-D). We 
ran the same tests on the model in the test set, and the 
results also showed that the high-risk group had worse 
survival (Figure S1E-H). This consistency across both 
training and test sets underscores the robustness and 
potential clinical relevance of this model.

Establishment of the nomogram
To enhance the predictive accuracy of our model, we 
devised a nomogram that integrates patients’ clinical data 
(Fig. 3A). Calibration curves, presented in Fig. 3B, affirm 
the nomogram’s commendable predictive performance. 
Additionally, both univariate and multivariate analyses, 
depicted in Figures S1I-1  J, established the risk score as 
an independent risk factor. The nomogram’s effectiveness 
in predicting 1-, 3-, and 5-year OS rates was quantified, 
with the AUCsdetermined to be 0.795, 0.783, and 0.806, 

respectively (Figure S1K). Decision curve analysis (DCA) 
further substantiated the nomogram’s utility in clini-
cal decision-making (Figure S1L). Comparative analysis 
using the ROC curve and KM plots (Fig. 4A, B) demon-
strated that the DRG model possesses robust prognostic 
capabilities. When benchmarked against existing models 
[19–21], the concordance index (C-index) results high-
lighted in Fig. 4C indicate that our DRG model surpasses 
the predictive performance of these existing models. This 
underscores the DRG model’s potential superiority in 
forecasting outcomes for endometrial cancer patients.

Association analysis of risk score
We further mined the model to analyze the correlation 
between the model and clinicopathological parameters, 
immune types, CSCs, and immune scores. Correlation 
analysis results showed that patients with higher lev-
els of clinicopathological parameters (> 65  years, tumor 
grade 3–4, tumor stage III–IV) had higher risk scores 

Fig. 2 Screening of prognosis DRGs and construction of prognosis model. A Univariate Cox regression analysis to identify the candidate 
prognosis-related hub DRGs in UCEC. B Partial likelihood deviation was plotted relative to the logarithm of lambda in tenfold cross-validation. C The 
trajectory graph of each variable

Fig. 3 Establishment of Nomogram. A Nomogram for predicting the 1-, 3-, and 5-year OS of UCEC patients. B Calibration curves for the prediction 
of 1-, 3- or 5-year overall survival of UCEC patients
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(Fig.  5A–C). Moreover, our analysis exploring the links 
between immune subtypes and risk scores revealed a 
noteworthy finding: patients classified under the C2 
immune subtype generally exhibited higher risk scores. 
This observation, depicted in Fig.  5D, correlates with a 
poorer prognosis for those within the C2 category.

SsGSEA provided insightful observations regard-
ing the immune landscape in the context of risk groups. 
This analysis demonstrated that in the high-risk group, 
there was a general suppression of most immune cells 
and immune functions. Notably, the fractions of immune 
dendritic cells (iDCs), neutrophils, T helper cells, and 
tumor-infiltrating lymphocytes (TIL) were significantly 
reduced, as shown in Fig.  5E. Additionally, our analysis 
revealed that both checkpoint proteins and human leu-
kocyte antigen (HLA) expressions were lower in the 
high-risk group, as illustrated in Fig.  5F. These findings 
are indicative of a compromised immune response in 
high-risk patients, which could be a factor contributing 
to their poorer prognosis. This underscores the impor-
tance of the immune system’s role in cancer progres-
sion and the potential for targeted therapies that might 
enhance immune response in these patients.

We employed DNA stemness score (DNAss) and RNA 
stemness score (RNAss) as metrics to evaluate the lev-
els of CSCs. Through correlation analysis, we discovered 
a positive correlation between the risk score and the 
RNAss, as depicted in Fig. 5G. This suggests that higher 
risk scores are associated with increased stemness char-
acteristics at the RNA level in tumors. Conversely, the 
same correlation analysis revealed that the relationship 
between risk scores and the tumor microenvironment 
(TME), specifically in terms of immune and stromal 
scores, was not significant. This is also illustrated in 

Fig. 5G. This finding indicates that while stemness char-
acteristics are positively associated with risk scores, the 
overall influence of the TME, as measured by immune 
and stromal scores, does not show a significant correla-
tion with the risk scores in our analysis.

The GSEA conducted in our study yielded significant 
findings regarding pathway activations in different risk 
groups. Notably, in the high-risk group, we observed sub-
stantial enrichments in a variety of biological pathways. 
These included chromosome segregation, cornifica-
tion, keratinization, organelle fission, axon guidance, cell 
adhesion molecules, the cell cycle, and DNA replication. 
These enriched pathways are detailed in Fig.  5H, I. The 
identification of these significantly enriched pathways in 
the high-risk group provides a deeper understanding of 
the molecular mechanisms underpinning the aggressive 
nature of tumors in these patients. Such insights could be 
pivotal for developing targeted therapies and improving 
prognostic assessments in endometrial cancer.

Predicting the effects of immunotherapy sensitivity 
and anti‑cancer treatment
The IMvigor210 database was downloaded to explore 
whether risk scores were associated with immunother-
apy. Correlation analysis showed no significant differ-
ence in risk scores between patients with progressive 
disease (PD) or stable disease (SD) and patients with par-
tial response (PR) or complete response (CR) (Fig.  6A). 
We further investigated the sensitivity of different risk 
groups to various chemotherapeutic agents. The results, 
as depicted in Fig. 6B–E, demonstrated a notable obser-
vation: patients in the high-risk group exhibited greater 
sensitivity to a range of chemotherapeutic drugs com-
pared to those in the low-risk group. Specifically, the 

Fig. 4 Establishment of Nomogram and comparison with existing models. A, B Survival curves and ROC curves of high and low risk groups 
in the model constructed by us. C C-index comparison of DRG models with other models
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high-risk group showed increased responsiveness to cis-
platin, dasatinib, doxorubicin, and paclitaxel. This find-
ing suggests that despite the poorer prognosis associated 

with the high-risk group, these patients may benefit more 
from treatment with these particular chemotherapeutic 
agents. Such insights are crucial for guiding treatment 

Fig. 5 Gene set enrichment analysis (GSEA) of biological functions and the association between risk score and tumor microenvironment. The 
risk score in different groups divided by age (A), grade (B), stage (C) and immune subtype (D). Comparison of the risk score in different immune 
infiltration. E, F The relationship between risk score and the scores of 16 immune cells and 13 immune-related functions were showed in boxplots. 
G The relationship between risk score and DNAss, RNAss, Stromal Score and Immune Score. H, I GSEA showed eleven pathways enriched 
in the high-risk group. P values were showed as: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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decisions and tailoring therapy to individual patient pro-
files in the context of endometrial cancer.

Screening of key genes in the model
The results of random forest analysis showed the EC-
related genes in 24 DRGs genes (Fig.  6F). We selected 
the top four genes in the random forest map as potential 
target genes (ACTB, MYH10, ACTN4, and SLC3A2). We 
intersected the four genes from the random forest with 
the genes from the model to get two key genes (ACTN4 
and SLC3A2) (Fig. 6G). Considering that the coefficient 
of ACTN4 in the model formula is 0.003, on the other 
hand, univariate analysis shows that ACTN4 is a risk fac-
tor for EC after rain, but ACTN4 is low in EC, which has 
a certain contradiction. So we chose SLC3A2 as the tar-
get. We observed downregulation of SLC3A2 expression 
in the TCGA-UCEC dataset (Fig. 6H).

Experimental validation of SLC3A2
The results of qRT-PCR showed that SLC3A2 was signifi-
cantly increased in EC (Fig. 7A). qRT-PCR results related 
to pathological parameters showed that SLC3A2 was 
upregulated in the EC of higher pathological parameters 
(> 65 age group, tumor stage III–IV group, and lymph 
node (LN) metastasis group) (Fig. 7B–D).

The CCK8 assay was employed to evaluate the impact 
of SLC3A2 on the proliferation of EC cells. The CCK8 

assay results for both ISHIKAWA and HEC-1A cell 
lines indicated that overexpression of SLC3A2 led to an 
enhancement in cell proliferation, whereas its knock-
down resulted in a reduction of this process (Fig. 7E, F). 
Additionally, we observed that SLC3A2 overexpression 
spurred cell invasion, and conversely, SLC3A2 knock-
down hindered invasion in these cell lines (Fig.  7G). 
The results from apoptosis experiments revealed that 
SLC3A2 overexpression was associated with decreased 
apoptosis, while knockdown of SLC3A2 facilitated 
increased apoptosis in both ISHIKAWA and HEC-1A 
cells (Fig. 8A). In terms of cell cycle dynamics, overex-
pression of SLC3A2 led to a higher proportion of cells 
in the G2-M phase, whereas its knockdown reduced 
the percentage of cells in this phase (Fig.  8B). In  vivo 
experiments further substantiated these findings. The 
growth of tumors in the SLC3A2(-) group was signifi-
cantly impeded compared to the SLC3A2(-)-NC group 
(Fig.  8C). Moreover, immunohistochemical analysis 
of KI-67, a marker for cell proliferation, on the trans-
planted tumors showed that SLC3A2 knockdown 
significantly reduced proliferation (Fig.  8D). These 
comprehensive results underscore the pivotal role of 
SLC3A2 in the proliferation, invasion, and survival of 
EC cells, thereby highlighting its potential as a target 
for therapeutic intervention in EC.

Fig. 6 Risk scores are associated with immunotherapy and chemotherapeutic drug response and Identification of key genes. A The correlation 
between risk scores and immunotherapy response. B–E The correlation between risk scores and chemotherapeutic drug sensitivity. F 
RandomForest error rate versus the number of classification trees. G The intersection genes of model gene and RandomForest were screened 
by Venn diagram. H Box plots showed the expression of SLC3A2 in normal and UCEC tissues from TCGA 
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Discussion
The occurrence of EC has been on a rising trend, making 
it the most prevalent gynecological tumor in developed 
countries and some advanced urban areas in developing 
countries [22–24]. Contributing factors to this increase 
include the prevalence of chronic conditions such as 
obesity, diabetes, and hypertension, with the incidence 
of EC growing annually by 1.9% [25, 26]. Fortunately, 
many EC patients exhibit early symptoms like abnormal 
vaginal bleeding, allowing for early diagnosis and effec-
tive treatment. However, in cases where early symptoms 
of EC are subtle or overlooked, and the disease pro-
gresses to advanced stages of metastasis and invasion, the 
5-year survival rate drops to a concerning 16–45% [27]. 
This stark contrast in outcomes based on the stage of 

diagnosis underscores the urgency in identifying effective 
therapeutic targets, and prognostic markers and predict-
ing chemotherapy drug sensitivity for EC. Such advance-
ments are crucial for enhancing patient survival rates and 
improving the overall management of this increasingly 
common disease.

Regulating cell death is (RCD) an important way for 
the body to combat the malignant proliferation of tumor 
cells. Like other RCDS, the elucidation of disulfidptosis 
will provide new ideas for understanding and targeting 
cancer therapies [28]. Although disulfidptosis has only 
been a newly identified RCD for a short time, there is 
growing evidence that disulfidptosis plays an important 
role in tumors [29, 30]. Previous studies have shown that 
the disulfidptosis related gene SLC7A11 influences the 

Fig. 7 SLC3A2 regulates the biological behavior of EC cell lines. A he results of qRT-PCR showed the expression of SLC3A2 in normal endometrial 
tissue (n = 28) and human endometrial carcinoma tissue (n = 28). The expression of SLC3A2 in different groups divided by age (B), stage (C) 
and LN-metastasis (D). E, F CCK-8 assay was used to evaluate the proliferation effect of SLC3A2. G Effect of SLC3A2 on invasion assessed using 
the Transwell assay
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sensitivity of cancer cells to oxidative stress [31]. In addi-
tion, existing studies have shown that DRGs is associated 
with the prognosis of liver, lung, and colorectal cancers 
[32–35]. However, DGRs has not been reported in EC. 
Therefore, we hope to establish a DRGs-based model to 
predict EC prognosis and find EC therapeutic targets.

We performed univariate analysis of 24 DRGs and 
found that 7 DRGs were associated with OS. We then 
constructed a prognostic model of EC by Lasso-Cox 
regression analysis. We further constructed a nomogram 
to optimize the model. Meanwhile, comparative analy-
sis shows that our model performs better than existing 

models. The results of correlation analysis showed that 
the higher pathological parameters group (stage III–IV, 
grade 3–4, and age > 65.) had a higher risk score, indi-
cating that the risk score was positively correlated with 
clinical risk factors. Immunotype analysis showed the 
highest risk score in C2, which had the worst prognosis 
[36]. These results all support a poorer prognosis in the 
high-risk group.

Prior research has established a connection between 
disulfidptosis-related genes and the tumor microenvi-
ronment [37, 38]. Consistent with these findings, our 
study also reveals a significant relationship between 

Fig. 8 SLC3A2 regulates the biological behavior of EC cell lines and In vivo study of tumor xenografts. A Cell apoptosis assay was used 
to determine the effect of SLC3A2 on the apoptosis of Ishikawa and HEC-1A cell lines. B Cell cycle analysis was used to detect the effect of SLC3A2 
on the cell cycle of Ishikawa and HEC-1A cell lines. C The nude mice carrying tumors from the respective groups are shown. The sample tumors 
from the respective groups are shown (n = 3, each group). D Expression levels of Ki-67
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disulfidptosis-related genes (DRGs) and the immune 
microenvironment in tumors. Through correlation anal-
ysis, we observed a suppression of immune cells and 
their functions in patients categorized in the high-risk 
group. Notably, the proportions of immune dendritic 
cells (iDCs), neutrophils, T helper cells, and tumor-infil-
trating lymphocytes (TIL) were substantially reduced in 
this group. These findings suggest that DRGs may play 
a pivotal role in tumor progression and patient progno-
sis, potentially by impeding cellular immune functions. 
This insight opens up new avenues for understanding the 
mechanisms of tumor immune evasion and highlights 
the potential of DRGs as targets for therapeutic interven-
tion. By modulating these genes, there may be opportu-
nities to enhance immune response and improve patient 
outcomes in EC.

The correlation analysis conducted in our study 
between the risk score and the tumor immune micro-
environment revealed a significant positive relationship 
between the risk score and RNA stemness score (RNAss), 
which is indicative of cancer stem cell (CSC) levels. CSCs 
are characterized by their self-renewal capacity and are 
known to contribute to resistance against immunother-
apy and chemotherapy. This insight is crucial as it under-
lines the role of CSCs in the persistence and treatment 
resistance of tumors [39, 40]. Overall, our findings sug-
gest that dysregulation of DRGs may lead to abnormali-
ties in disulfidptosis, a process that could potentially 
exacerbate the aggressiveness of endometrial cancer. This 
dysregulation could enhance the stemness properties of 
cancer cells, thereby contributing to the resilience of the 
tumor against conventional therapies. Understanding 
these mechanisms is helpful in the treatment of EC.

Chemotherapy and immunotherapy play an important 
role in the treatment of EC as an important supplement 
to surgical treatment of EC [41, 42]. However, there are 
still few studies on EC predicting immunotherapy and 
chemotherapy sensitivity [43]. In our study, there was 
no significant difference in risk scores between patients 
on immunotherapy PD or SD and patients on immuno-
therapy PR or CR. In our study, the high-risk group was 
more sensitive to cisplatin, dasatinib, doxorubicin, and 
paclitaxel compared to the low-risk group. cisplatin and 
doxorubicin are first-line chemotherapeutic agents for 
EC treatment [44, 45]. Therefore, our model predicts that 
high-risk groups can be treated with chemotherapy drugs 
rather than expensive immunotherapy. These predictions 
could not only lead to better treatment of EC patients, 
but also reduce the medical burden.

To further screen key genes in the model, we used 
random forest methods to screen 24 DRGs. Finally, we 
identified the key gene SLC3A2 in the model. Expression 
analysis showed that SLC3A2 expression was elevated 

in EC. In order to further verify the key role of SLC3A2 
in endometrial cancer, we conducted experimental veri-
fication. In this study, we verified the ability of SLC3A2 
to promote tumor growth and metastasis through both 
in  vitro and in  vivo experiments. Existing studies have 
shown that the high expression of SLC3A2 in most 
tumors, including lung cancer and ovarian cancer, is 
associated with prognosis and promotion of tumor pro-
gression [46, 47].

Our research was constrained by the absence of exter-
nal datasets containing clinical data relevant to UCEC, 
other than the UCEC-TCGA dataset. Consequently, we 
were only able to perform internal validation using the 
UCEC-TCGA data. This limitation signifies that the find-
ings and conclusions drawn from our study are primar-
ily based on the analysis of the UCEC-TCGA dataset and 
might not be fully generalizable to broader populations or 
other datasets. Future research would benefit from incor-
porating external datasets for validation, which would 
strengthen the reliability and applicability of the prognos-
tic model and findings to a wider array of clinical scenar-
ios. meantime, our model has not been applied in clinical 
practice, and we will further apply it in clinical practice in 
the future. In addition, the DRGs model obtained based 
on the TCGA database needs more experiments to prove 
the specific molecular mechanism by correlation analy-
sis with the immune microenvironment, tumor stem cells 
and GSEA.

Nevertheless, we have for the first time relied on DRGs 
to construct a prognostic model and accurately predict 
the prognosis of patients. Furthermore, we also identified 
SLC3A2, a key gene in the prognostic model of DRGs, 
and demonstrated that SLC3A2 is promising as a diag-
nostic, prognostic indicator and therapeutic target.

Conclusion
The development of our new DRGs-based model has 
some significance in predicting the prognosis of EC 
patients. We found that SLC3A2 is a key gene in this 
model. SLC3A2 is expected to be a diagnostic, prognos-
tic and therapeutic target. These findings have impor-
tant clinical implications and provide potential value for 
enhanced treatment.
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