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ARTICLE INFO ABSTRACT

Keywords: Background: Uterine corpus endometrial cancer (UCEC) exhibit heterogeneity in their DNA repair
Uterine corpus endometrial cancer capacity, which can impact their response to radiotherapy. Our study aimed to identify potential
Radiotherapy DNA repair-related biomarkers for predicting radiation response in UCEC.

EaN(i(’:;:;E‘r’;zte d genes Methods: We conducted a thorough analysis of 497 UCEC samples obtained from TCGA database.
PDALI Using LASSO-COX regression analysis, we constructed a radiosensitivity signature and subse-

quently divided patients into the radiosensitive (RS) and the radioresistant (RR) groups based on
their radiosensitivity index. The GSVA and GSEA were performed to explore functional annota-
tions. The CIBERSORT and ESTIMATE algorithms were utilized to investigate the immune infil-
tration status of the two groups. Additionally, we utilized the Tumor Immune Dysfunction and
Exclusion (TIDE), Immunophenotype Score (IPS), and pRRophetic algorithms to predict the
effectiveness of different treatment modalities.

Results: We constructed a radiosensitivity index consists of four DNA repair-related genes. Patients
in the RS group demonstrated significantly improved prognosis compared to patients in the RR
group when treated with radiotherapy. We observed that the RS group exhibited a higher pro-
portion of the POLE ultra-mutated subtype, while the RR group had a higher proportion of the
copy number high subtype. GSVA enrichment analysis revealed that the RS group exhibited
enrichment in DNA damage repair pathways. Notably, the RS group demonstrated a higher
proportion of naive B cells and follicular helper T cells, while regulatory T cells (Tregs) and
memory B cells were more abundant in the RR group. Furthermore, patients in the RS-PD-L1-high
subgroup exhibited enrichment in immune-related pathways and increased sensitivity to immu-
notherapy, which is likely to contribute to their improved prognosis. Additionally, we conducted
in vitro experiments to validate the expression of radiosensitivity genes in non-radioresistant
(AN3CA) and radioresistant (AN3CA/IR) endometrial cancer cells.

Conclusions: In conclusion, our research successfully constructed a radiosensitivity signature with
robust predictive capacity. These findings shed light on the association between immune acti-
vation, PD-L1 expression, and the response to immunotherapy in the context of radiotherapy.
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1. Introduction

Uterine corpus endometrial cancer (UCEC) is a type of malignant tumor that originates from the epithelial cells of the endometrium
[1]. It is the most common malignancy of the female reproductive system in developed countries and some urban areas [2]. Over the
past few decades, the incidence of endometrial cancer has shown a consistent increase or stabilization, especially in South Africa and
some Asian countries. According to data from the National Cancer Center of China, the incidence rate of UCEC experienced a sig-
nificant annual increase of 2.6 %, while the mortality rate exhibited a noteworthy annual decrease of 1.9 % between 2007 and 2016. In
2016, there were approximately 71,100 newly diagnosed cases of UCEC in China, accounting for 3.8 % of all female cancer cases and
27.5 % of gynecological malignancies. The number of deaths was 17,100, accounting for 1.9 % of all female cancer deaths and 20.4 %
of gynecological malignancy deaths [3]. These presented statistics underscore the significant health impact and substantial public
health challenge posed by UCEC.

Radiotherapy is a fundamental treatment modality for UCEC, playing a crucial role in reducing the risk of local recurrences
following surgery [4]. Although radiotherapy has proven effective in preventing tumor recurrences, there remains a possibility of
treatment failure, leading to patterns of both local and distant recurrences [5]. Understanding the molecular mechanisms that
contribute to radiosensitivity in UCEC is still an area of ongoing investigation. As such, our study aimed to elucidate the molecular
determinants underlying the development of resistance and identify potential biomarkers for predicting radiation response in UCEC.
Currently, there is a growing consensus regarding the positive association between DNA damage repair pathways and radiosensitivity
in UCEC [6]. Therefore, investigating the expression patterns associated with radio-resistance has the potential to serve as predictive
biomarkers for assessing the response to radiotherapy in UCEC patients.

DNA damage is a crucial factor that significantly influences the response to radiation. The effectiveness of radiotherapy primarily
relies on its ability to induce cell death through the induction of DNA damage [7]. Consequently, tumor cells equipped with highly
efficient DNA damage response mechanisms tend to exhibit radio-resistance, while cancer cells with impaired DNA repair pathways
are more likely to be radiosensitive [8]. The characterization of DNA repair-related genes has shed light on their connection with the
radiosensitivity of UCEC. Recently, there has been a growing emphasis on identifying radiosensitivity biomarkers at the genomic level,
with the aim of enhancing the efficacy of radiotherapy [9]. Therefore, it may be possible to identify DNA repair-related signature that
can reliably predict the response to radiotherapy. However, to date, no study has thoroughly investigated the potential of DNA
repair-related signatures as predictors for UCEC.

In our study, we conducted an analysis of DNA repair-related genes in UCEC patients, utilizing data obtained from The Cancer
Genome Atlas (TCGA) database, a comprehensive resource that profiles the molecular characteristics of various types of cancer.
Through this analysis, we constructed a radiosensitivity signature that could effectively predict the response to radiotherapy. The
performance of this signature was evaluated by stratifying UCEC patients based on their radiosensitivity index. Notably, the patients
classified as radiosensitive (RS) exhibited a significantly improved prognosis compared to those categorized as radioresistant (RR)
when subjected to radiotherapy. Moreover, our findings demonstrated that both the radiosensitivity signature and PD-L1 expression
status held promise as predictive factors for the response to radiotherapy. These results contribute to our understanding of the optimal
combination of treatment modalities with radiotherapy in order to enhance therapeutic outcomes.

2. Materials and methods
2.1. UCEC data sets and preprocessing

We obtained gene-expression data (FPKM normalized) from TCGA through the UCSC Xena browser (https://gdc.xenahubs.net).
The data analysis was conducted using R (version 4.1.3) and R Bioconductor packages. To ensure the reliability of the clinical in-
formation, samples without complete clinical information, those with survival times less than 30 days, and samples from metastatic
tumors were excluded from the analysis. As a result, a total of 497 patients were included in the study population. The stemness scores
(mRNAsi) of the UCEC samples were acquired from a previous study [10]. Somatic mutation data in mutation annotation format (MAF)
for the 497 UCEC patients were downloaded from the TCGA database. Furthermore, we acquired copy number alteration (CNV) data
for the UCEC patients from the TCGA database. To effectively visualize these alterations at the chromosomal level, we employed Circos
plots using the RCircos R package [11].

2.2. Development of the DNA repair-related radiosensitivity signature

Firstly, we conducted univariate Cox regression analysis to identify specific DNA repair-related genes (DRGs) that showed a sig-
nificant association with overall survival (OS) in the radiotherapy group, but not in the non-radiotherapy group or the entire cohort.
After that, only patients in the radiotherapy group were selected for the construction of a radiosensitivity signature. To construct the
radiosensitivity signature, we utilized LASSO and stepwise Cox regression analysis based on DRGs. The radiosensitivity index of UCEC
patients was calculated using the following formula: radiosensitivity index = (Expression gene 1 x Coefficient gene 1) + (Expression
gene 2 x Coefficient gene 2) + - - - + (Expression gene n x Coefficient gene n). We divided the patients into the high-index group and
the low-index group according to the median value of the radiosensitivity index. The low-index group, referred to as the RS group,
exhibited improved survival after receiving radiotherapy compared to those who did not receive radiotherapy. Conversely, the high-
index group, representing patients with a higher radiosensitivity index, was designated as the RR group.
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2.3. Functional enrichment analyses

To evaluate the relative enrichment of gene sets between the RS and RR groups, we employed the GSVA method via the GSVA R
package [12]. In order to perform this analysis, we obtained the KEGG canonical pathways gene set (c2.cp.kegg.v2023.1.Hs.symbols’)
from the Molecular Signatures Database (MSigDB) and selected it as the background gene set. This gene set represents the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways based on curated gene-pathway associations [13]. Additionally, we utilized
Gene Set Enrichment Analysis (GSEA) to identify the biological processes (BP), molecular functions (MF), and cellular components
(CC) that were significantly enriched in either the RS or RR group. We applied an adjusted p-value threshold of less than 0.05 to
determine the statistical significance of the enrichment analysis.

2.4. Immune infiltration analyses

In this study, we employed the CIBERSORT algorithm, available in the "CIBERSORT" R package, to estimate the relative abun-
dances of 22 distinct immune cell types in each sample [14]. To identify significant results for further analysis, we considered a p-value
threshold of <0.05 for further analysis [14,15]. We analyzed the expression patterns of 29 immunity-related signatures, representing
various immune cell functions and pathways, utilizing the single-sample Gene Set Enrichment Analysis (ssGSEA) algorithm available
in the "GSEAbase" and "GSVA" R packages [16]. Furthermore, we employed the "ESTIMATE" algorithm, implemented in the "estimate"
R package, to estimate the immune score, stromal score, and tumor purity for each sample [17]. The TIMER [18], QUANTISEQ [19],
EPIC [20] and XCELL [21] algorithms were applied to calculate the abundances of immune cells between the RS and RR groups.

2.5. Drug sensitivity analyses

The immunophenotype scores (IPS) were used as a predictive measure to predict a patient’s response to immune checkpoint
inhibitor-based immunotherapy [22]. IPS values for UCEC patients were obtained from The Cancer Inmunome Atlas (TCIA) database
(https://tcia.at/home), which uses machine learning techniques to develop a scoring scheme for quantification. We used the Tumor
Immune Dysfunction and Exclusion (TIDE) algorithm (http://tide.dfci.harvard.edu/) to assess patients’ responsiveness to immuno-
therapy. The TIDE algorithm evaluates T-cell dysfunction and exclusion scores, derived from gene expression profiles, to predict the
likelihood of patients’ response to immune checkpoint inhibitor therapy [23]. The pRRophetic algorithm predicts the efficacy of
patients’ response to chemotherapeutic and targeted therapy by evaluating the half maximal inhibitory concentration (IC50) for each
UCEC patient. IC50 values were obtained from the Genomics of Drug Sensitivity in Cancer (GDSC) database [24].

2.6. Establishment and assessment of radioresistant AN3CA/IR cell line

The human endometrial cancer cell line AN3CA was purchase from the China Center for Type Culture Collection (CCTCC, Wuhan,
China). The AN3CA cells was cultured in DMEM medium (Corning, United States) supplemented with 10 % fetal bovine serum
(Corning, United States) and 1 % antibiotics (Gibco-BRL, Gaithersburg, MD, United States). The cells were incubated at 37 °C with
saturated humidity and 5 % CO2. Prior to experimentation, AN3CA cells were screened for mycoplasma contamination. To establish
radioresistant AN3CA/IR cells, AN3CA cells were repeatedly exposed to radiation. Briefly, AN3CA cells were intermittently irradiated
with a single dose of 2, 4, 6, 8, 10, 10, and 10 Gy, totaling a cumulative irradiation dose of 50 Gy [25]. The radio-resistance of
AN3CA/IR was assessed through cell proliferation assays. The radio-resistance of AN3CA/IR cells was evaluated through the Cell
Counting Kit-8 (CCK-8) assay. AN3CA/IR cells were seeded in 96-well plates and incubated. After 24 h, the cells were exposed to either
4 or 8 Gy of irradiation. Then, 10 pl of CCK-8 solution (Dojindo, Kumamoto, Japan) was added to the cells, followed by a 3-h incu-
bation. The optical density at 450 nm was measured using a microplate reader.

2.7. Quantitative real-time polymerase chain reaction (qQRT-PCR)

The RNA extraction procedure employed Trizol reagent in accordance with the manufacturer’s protocol (Invitrogen, San Diego, CA,
USA). The concentration of the extracted RNA was quantified using a NanoDrop 2000 spectrophotometer (ThermoFisher, USA).
Subsequently, cDNA synthesis was executed utilizing the Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany) with the RNA
samples. For quantitative real-time PCR (RT-qPCR), the SYBR Prime Script RT-PCR Kit (Invitrogen, USA) was utilized, and the primer
sequences can be found in Table S1. All experiments were carried out in triplicate, and the Ct values were normalized using the
genomic mean of the internal control, GAPDH. The relative expression levels were calculated using the 2-*2¢T method, and the results
were presented as fold change relative to the internal control genes. To ensure accuracy and reliability, the data presented in this study
were derived from three independent experiments.

2.8. Statistical analysis

The analysis of data in this study was conducted using R software version 4.1.3. The Chi-square test was utilized to compare
categorical and pairwise features among different groups. For comparing normally distributed data between two groups, the student’s
t-test was employed. The Mann-Whitney U test was applied to determine statistically significant differences between two groups. In
cases where there were multiple independent groups, the Kruskal-Wallis test was applied. Pearson’s correlation test was employed to
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investigate associations between variables that demonstrated a normal distribution. Conversely, Spearman’s correlation test was
utilized to assess relationships between variables that deviated from a normal distribution. To analyze disparities in survival outcomes
among two or more groups, the Kaplan-Meier method and log-rank test were applied. All statistical tests conducted in this study were
two-tailed, ensuring the examination of both positive and negative associations. A p-value below the threshold of 0.05 was considered
statistically significant, indicating that the observed results were unlikely to occur by chance. This significance level was utilized unless
otherwise specified or stated in the analysis.

3. Results
3.1. Developing a radiosensitivity signature using DNA repair-related genes

The study’s workflow was depicted in Fig. S1. Firstly, we performed a univariate Cox regression analysis to detect prognostic DNA
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Fig. 1. Development of the DRGs radiosensitivity signature in the TCGA-UCEC dataset. (A) Forest plot displaying the results of the multivariate Cox
regression analysis conducted in the cohort of radiotherapy patients. (B) The Kaplan-Meier plot demonstrates the OS outcomes of patients cate-
gorized into RS groups, comparing those who received radiotherapy to those who did not. Notably, there were no significant differences in OS rates
observed between radiotherapy and non-radiotherapy patients within the RR group. (C) Kaplan-Meier survival curves illustrate the OS outcomes of
patients in both the RS and RR groups, within the subsets of patients who underwent radiotherapy, those who did not undergo radiotherapy, and the
total patient cohort. (D) Kaplan-Meier survival curves depict the DSS outcomes of patients in both the RS and RR groups, within the subsets of
patients who received radiotherapy, those who did not receive radiotherapy, and the total patient cohort. *p < 0.05, **p < 0.01.
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Fig. 2. Correlation between radiosensitivity signature and pathological factors in the TCGA-UCEC dataset. (A) The PCA and tSNE plots visually
illustrate the distribution patterns of patients in the RS and RR groups based on the radiosensitivity gene signature of four genes in TCGA-UCEC
patients. (B) The heatmap highlights significant differences in gene expression levels of the four-gene radiosensitivity index between the two
groups. (C) The boxplot demonstrated that patients with endometrioid adenocarcinoma, low grade, and aged <65 years exhibit lower radiosen-
sitivity index values compared to patients with serous cystadenocarcinoma, high grade, and aged >65 years. (D) The circus plot provides a visual
representation of the correlation between radiosensitivity index and various clinical characteristics. (E) Stacked histogram displaying the pro-
portions of molecular subtypes in RS and RR groups. (F) Kaplan-Meier survival analysis reveals a significantly poorer prognosis for patients in the
RR group with serous cystadenocarcinoma, G3 grade, and aged >65 years. ***p < 0.001.

repair-related genes in both radiotherapy (RT) and non-radiotherapy (Non-RT) patients using the TCGA-UCEC dataset. Our analysis
revealed that 13 DRGs were significantly associated solely with OS in radiotherapy patients, while no significant association was found
in non-radiotherapy patients or in the total cohort (Figs. S2A-B). Next, we utilized LASSO Cox regression analysis specifically for
radiotherapy patients to develop a radiosensitivity signature (Fig. S2C). This analysis identified 4 key genes that were essential for
constructing the radiosensitivity signature (Fig. 1A). By applying the median radiosensitivity index (RSI) derived from this signature in
radiotherapy patients, we categorized the total TCGA-UCEC cohort into low-risk and high-risk groups. The formulation of this
signature can be found in. Table S2 We further investigated the Kaplan-Meier survival curve to examine the impact of radiotherapy on
OS in relation to the radiosensitivity signature. The results showed that patients in the low-risk group who received radiotherapy had
significantly improved OS compared to non-radiotherapy patients, whereas no significant difference was observed between radio-
therapy and non-radiotherapy patients in the high-risk group (Fig. 1B). Thus, the low-risk group was designated as the RS group, and
the high-risk group as the RR group. Moreover, our findings revealed that among radiotherapy patients in the RS group demonstrated
significantly improved OS compared to those in the RR group or the total UCEC patient cohort (Fig. 1C). In addition, our analysis of
disease-specific survival (DSS) demonstrated that radiotherapy patients in the RS group had better outcomes compared to those in the
RR group (Fig. 1D). Overall, our findings collectively demonstrate the potential utility of the radiosensitivity index as a valuable
signature for predicting the response to radiotherapy in patients with UCEC.

3.2. Correlation between radiosensitivity signature and clinicopathological factors

The clinicopathological characteristics of patients in the two groups were presented in Table S3. To assess the differences between
groups, PCA and tSNE were performed using the expression levels of the radiosensitivity signature. The results revealed a significant
divergence in the distribution patterns between the RS and RR groups (Fig. 2A). Furthermore, differential expression analysis
demonstrated significant variations in the expression levels of the four identified DRGs between the RS and RR groups (Fig. 2B).
Further analysis was conducted to investigate the correlation between the radiosensitivity index and clinicopathological character-
istics. Notably, patients with endometrioid adenocarcinoma, low grade, and aged <65 years exhibited a lower radiosensitivity index
compared to patients with serous cystadenocarcinoma, high grade, and aged >65 years (Fig. 2C). While there were no significant
differences in most clinical characteristics between the RS and RR groups, except in the number of pregnancies (Fig. 2D). The RS group
primarily consisted of patients who had experienced at least four pregnancies (Fig. S2D). Furthermore, we found that RS group
exhibited higher proportions of POLE ultra-mutated subtype, while RR group exhibited higher proportions of copy number high
subtype (Fig. 2E). Notably, Kaplan-Meier survival analysis revealed a poorer prognosis for patients in the RR group with serous
cystadenocarcinoma, G3 grade, and aged >65 years (Fig. 2F). In summary, our results suggest that the radiosensitivity index appears to
be negatively correlated with tumor grade and age. Pathological subtypes such as endometrioid adenocarcinoma and the POLE ultra-
mutated subtype appear to be sensitive to radiotherapy.

3.3. Landscape of tumor mutational profile between RS and RR groups

We proceeded to analyze the gene mutation data of UCEC patients. The TMB level did not show any significant differences between
the RS and RR groups (Fig. S3A). A comprehensive analysis of the gene mutation data revealed that missense mutations were the most
frequent, with SNPs being the most common type of mutation (Fig. 3A). The landscape of the mutational profile, focusing on the top 10
mutated genes, is presented in (Fig. 3B). In UCEC patients, PTEN, PIK3CA, and ARID1A were found to be the most frequently mutated
genes. The correlation diagram highlighted a dominant co-occurrence relationship among these mutant genes (Fig. 3C). Additionally,
there was a higher frequency of mutations in mismatch repair genes, including MLH1, MSH2, MSH6, and PMS2, in the RS group
compared to the RR group. Notably, the mutation of MSH6 was significantly enriched in the RS group (Fig. 3D). We also compared the
stemness index (mRNAsi) between the RS group and RR group and found that the mRNAsi value was significantly higher in the RS
group (Fig. 3E). Furthermore, we provided an illustration depicting the specific chromosomal locations where CNVs impacted the four
DNA repair-related genes. The analysis revealed that APEX1 and DMCI1 exhibited copy number amplification, while MSH4 and WRN
displayed significant CNV deletions, suggesting an increase or loss in the number of copies of these genes (Fig. 3F).

3.4. Functional enrichment analysis of radiosensitivity signature
In order to gain deeper insights into the molecular mechanisms underlying the radiosensitivity signature in UCEC, we conducted

GSVA enrichment to assess the differences in pathway activities between RS group and RR group. The enrichment analysis showed that
the RS group exhibited significant enrichment in DNA damage repair pathways, including homologous recombination (HR), non-
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occurring gene pairs. (D) Waterfall plots were employed to display the top 10 frequently mutated mismatch repair genes in the RS and RR
groups. (E) The mRNAsi scores were compared between the RS group and the RR group to assess differences in stemness index. (F) The chro-
mosomal location of CNV impacting the four repair-related genes was depicted across the 23 chromosomes. The column heights in the visualization
indicate the proportions of gain or loss variations observed for each gene. *p < 0.05, **p < 0.01.
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homologous DNA end joining (NHEJ), and various DNA single-strand break repair pathways (Fig. 4A). To further elucidate the
relationship between the expression of the four genes comprising the radiosensitivity signature and the major pathways involved in
DNA damage repair in UCEC, we performed a comprehensive analysis (Fig. 4B). Moreover, we used GSEA to examine and compare the
variations in pathway enrichment between the RS and RR groups. It is worth mentioning that the RS group demonstrated a significant
enrichment in biological processes closely associated with the detection of sister chromatid segregation and mitotic nuclear division. In
contrast, the RR group exhibited a distinct enrichment in pathways related to the detection of chemical stimuli and chemical stimuli
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Fig. 5. Analysis of immune infiltrating cell profiles in RS and RR groups. (A) Comparative analysis of the proportions of 22 immune-infiltrating cells
between the RS and RR groups. (B) Kaplan-Meier survival curves depicting OS in combination of immune cell proportions and radiosensitivity
subgroups. (C) Investigation of the potential associations between immune cell populations and the radiosensitivity index. (D) Examination of the
gorrelation between immune cells and the four genes included in the radiosensitivity index. *p < 0.05, **p < 0.01, ***p < 0.001.

involved in sensory perception (Fig. 4C). These findings provide valuable insights into the molecular mechanisms underlying the
radiosensitivity signature in UCEC, highlighting the crucial role of DNA damage repair pathways and their potential implications in
therapeutic response.

A

ns ns ns *kk *dk *kk *%k * *kk *% ns *k% * *hk *kk *kk *% *kk ns ns *kk
12
Bl Rs
e
c 81 I
5]
R
@
g
a ‘
%
N l ﬁ* ‘ |
0

* N N S A R O GF (©
\a '\ \?? Q\\y \2\\’?‘ Q\\} OQ OQ 00 OG 00 L OQ~ \e‘\y \e\\/v s /§ N

&

& P
PO
NSRS N

w
2 8 D100
j“ e 8|
hed B =
g g 3
» o u)l 75
g £ g
% ‘l‘l trl
5 % I s0
wla | UI
& g’ 3
RS RR RS RR RS RR
100
Kkk
2.
754 2
Responder S 04
504 .Non—responder ”D" o g
. Responder = E
p=0.016 2
254
=2
_4.
04
RR RS RS RR RS RR

Fig. 6. Assessment of immunotherapy sensitivity in the TCGA-UCEC dataset between RS and RR group. (A) Association between the radiosensitivity
signature and the expression levels of HLA-related genes in UCEC. (B) Violin plots illustrating the IPS values for CTLA-4 and PD-1 inhibitors in the
RS and RR groups. (C) Stacked histogram displaying the distribution of responder and non-responder patients between two groups. (D) Calculation
and comparison of TIDE scores and T-cell exclusion scores between the RS and RR groups.
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3.5. Exploring the relationship between radiosensitivity signature and immune infiltration

In recent years, numerous studies have emphasized the crucial role of the tumor immune microenvironment in influencing the
response to radiotherapy [26-30]. To further explore the correlation between the radiosensitivity signature and the status of tumor
immune infiltration, we employed the CIBERSORT algorithm to evaluate the differences in the immune landscape between two groups.
The CIBERSORT analysis provided additional insights into the immune cell composition of the RS and RR groups. Specifically, the RS
group exhibited higher proportions of naive B cells and follicular helper T (Tfh) cells, indicating a potentially enhanced immune
response. In contrast, regulatory T cells (Tregs) and memory B cells were found to be more abundant in the RR group, suggesting a
potential immunosuppressive environment (Fig. 5A). We proceeded to categorize the patients into four subgroups by considering a
combination of immune cell proportions and radiosensitivity subgroup. Notably, the RS-Tth-high subgroup demonstrated a signifi-
cantly superior OS rate when compared to the remaining subgroups. Conversely, the RR-Tregs-low subgroup exhibited a significantly
poorer OS rate in comparison to the other subgroups (Fig. 5B). Correlation analyses further supported these observations, revealing a
significant negative correlation between the radiosensitivity index and tumor immune cell populations (Fig. 5C). Additionally, we
investigated the associations between the expression levels of the 4-gene radiosensitivity index and the presence of 22 immune cells in
UCEC (Fig. 5D). In addition, our analysis utilized multiple algorithms, including TIMER, QUANTISEQ, EPIC, and XCELL, to estimate
the relationship between immune cells and the radiosensitivity index. Remarkably, we found a positive correlation between the
radiosensitivity index and the regulatory T cells (Fig. S3B), further supporting the notion that immune infiltration may play a role in
radiosensitivity.
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3.6. Correlation between radiosensitivity signature and immunotherapy sensitivity

Studies have shown that HLA gene expression significantly impacts the activation of antitumor immunity and patient response to
immunotherapy [31,32]. In order to elucidate the potential mechanisms underlying the radiosensitivity signature and the efficacy of
immunotherapy. We conducted further investigation to explore the differential expression of 21 genes associated with human
leukocyte antigen class I and II (HLA-I/II) between the RS and RR groups. Our analysis revealed that a majority of HLA-I/II-related
genes, such as HLA-A, HLA-B, HLA-E, HLA-F, HLA-DPA1, HLA-DPB1, HLA-DRB1, and HLA-DOB, exhibited elevated expression
levels in the RR group (Fig. 6A), indicating that patients in RR group might be more sensitive to immunotherapy. Subsequently, we
employed IPS and TIDE to further evaluate the immunotherapy sensitivity in patients with UCEC belonging to the RS and RR groups.
As expected, the RR group demonstrated significantly higher IPS values compared to the RS group, as illustrated in Fig. 6B. This finding
indicates a favorable response to both PD-1 and CTLA-4 inhibitors in the RR group. Furthermore, the TIDE algorithm corroborated our
previous observations by demonstrating that patients in the RR group exhibited a better response to immunotherapy when compared
to those in the RS group (Fig. 6C). The TIDE analysis revealed that the RR group had lower TIDE scores and T-cell exclusion scores in

comparison to the RS group (Fig. 6D). These results further support the notion that patients in the RR group possess a more favorable
immunotherapeutic response.

3.7. The relationship between the radiosensitivity signature and sensitivity to treatment

We conducted further investigations to examine the association between radiosensitivity signature and patient response to
chemotherapy and targeted therapy. Utilizing the pRRophetic algorithm, our findings revealed that patients in the RS group exhibited
higher sensitivity to first-line chemotherapy drugs, such as docetaxel, cisplatin, and doxorubicin, as evidenced by lower IC50 values
compared to the RR group (Fig. 7A). The utilization of targeted therapy in the treatment of UCEC is a relatively recent development.
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Fig. 9. Validation of the radiosensitivity genes in vitro experiment. (A) The expression levels of 4 radiosensitivity genes between the RS and RR
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13



H. Yang et al. Heliyon 10 (2024) 29401

While a limited number of targeted therapy drugs are currently employed, and many more are being studied. Among these potential
therapeutic targets, the vascular endothelial growth factor receptor (VEGFR) has garnered considerable attention due to its pivotal role
in angiogenesis and the pathogenesis of UCEC [33]. Our results demonstrated that the RS group had higher IC50 values in comparison
to the RR group, indicating that patients in the RR group may display higher sensitivity to VEGFR Kinase inhibitors (Fig. 7B).
Additionally, given the involvement of cyclin-dependent kinases (CDKs) in promoting the occurrence and development of UCEC, CDK
inhibitors have emerged as a promising therapeutic approach [34,35]. Through our analysis, we estimated the IC50 values of CDK
inhibitors and observed that they were significantly lower in patients belonging to the RR group (Fig. 7C). These findings suggested
that CDK inhibitors may have the potential to re-sensitize the RR group to radiation therapy.

3.8. Exploring the relationship between the radiosensitivity signature and PD-L1 expression

In light of the growing importance of PD-1/PD-L1 in UCEC patients, we aimed to explore the relationship between the radio-
sensitivity signature and the expression levels of CD274 mRNA, which encodes PD-L1. Our analysis revealed no significant difference
in PD-1 expression between the RS and RR groups (Fig. S4A). We further categorized the patients into four subgroups based on a
combination of PD-L1 levels (PD-L1-high vs. PD-L1-low) and their radiosensitivity status (RR vs. RS). Interestingly, the subgroup
characterized by high PD-L1 expression and radiosensitivity (RS-PD-L1-high group) exhibited a significantly better OS rate compared
to the other subgroups (Fig. 8A). Using the ESTIMATE algorithm, the analysis revealed that the RS-PD-L1-high subgroup had
significantly higher estimate scores compared to the other subgroups. Conversely, tumor purity was found to be decreased in the RS-
PD-L1-high subgroup (Fig. 8B). Next, utilizing the CIBERSORT algorithm, the RS-PD-L1-high subgroup displayed higher proportions of
major immune cell types, including CD8 T cells, plasma B cells, follicular T helper cells, NK cells, and macrophages (Fig. 8C).
Furthermore, we employed the ssGSEA algorithm based on 29 immune gene sets. Our analysis revealed that the RS-PD-L1-high
subgroup was enriched in several immune-related pathways, such as T-cell costimulation/inhibition, antigen-presenting cell cos-
timulation/inhibition, and type I/II interferon response (Fig. 8D). Notably, we categorized patients into high-immunity, middle-im-
munity, and low-immunity subgroups based on their ssGSEA scores. Consistent with our previous findings, the RS-PD-L1-high
subgroup predominantly consisted of patients with middle immunity and high immunity (Fig. 8E). The IPS and TIDE algorithms
showed that the RS-PD-L1-high subgroup had a more favorable immunotherapeutic response (Figs. S4B—C). These findings provide
valuable insights into the association between immune activation, PD-L1 expression and immunotherapeutic response in the context of
radiosensitivity.

3.9. Validation of the radiosensitivity genes in vitro experiment

Finally, we conducted in vitro experiments to validate the expression of radiosensitivity genes. Fig. 9A displays the expression
levels of four genes in the radiosensitivity signature between the RS and RR groups. Correlation analysis was performed for the four
DNA repair-related genes (Fig. 9B). Subsequently, we utilized non-radioresistant AN3CA cells and radioresistant AN3CA/IR cells to
verify the expression of these four genes. The radioresistant ability of AN3CA/IR cells was assessed using the Cell Counting Kit-8 (CCK-
8) assay. Compared to AN3CA cells, the viability of AN3CA/IR cells exhibited an increase upon exposure to radiation doses of 2, 4, and
8 Gy, indicating the radioresistant feature of AN3CA/IR cells (Fig. 9C). The expression levels of WRN and APEX1 were higher in AN3CA
cells than in radioresistant AN3CA/IR cells, consistent with our bioinformatics analysis (Fig. 9D). However, no statistically significant
differences were observed in the expression levels of MSH4 and DMC1 between the RS and RR groups.

4. Discussion

For several decades, radiotherapy has been the established adjuvant treatment for women with high-risk UCEC [36]. In recent
years, the implementation of high-throughput molecular profiling has led to a risk-based approach in radiotherapy for UCEC patients
[37]. The identification of molecular subgroups within UCEC has allowed for a more robust classification system with prognostic or
predictive implications [38]. Importantly, the molecular classification not only possesses the capability to predict the response to
radiotherapy but also enables the identification of distinct molecular targets that can be effectively addressed using currently available
therapeutic agents. In our study, we aimed to develop a radiosensitivity signature that could accurately predict the response to
radiotherapy in UCEC patients. We further analysis the biological enrichment, clinical differences and immune landscapes between
patients classified as RS and RR groups based on radiosensitivity index. Moreover, our findings revealed that both the radiosensitivity
signature and PD-L1 expression status held promise as predictive factors for the response to radiotherapy.

The identification of key gene signatures has been a significant challenge in the field of radiosensitivity, as it serves as a prerequisite
for developing effective predictive models [39]. To address this challenge, genome-wide screening approaches have been employed,
leading to the discovery of specific gene sets associated with radiosensitivity. One notable example is the radiosensitivity signature
comprising 31 genes, which was developed based on profiling the NCI-60 cell line panel. This signature has been validated in various
tumor types, including breast cancer, lower grade glioma, and pancreatic cancer [40]. Additionally, a ten-gene signature for cellular
radiosensitivity has been established to predict the sensitivity of 48 cancer cell lines to radiation. This radiosensitivity index has
undergone independent validation across multiple cancer types [41]. However, is crucial to acknowledge that the term “radiosensi-
tivity” can encompass different definitions. Within the realm of clinical practice, radiosensitivity is defined by at least two criteria.
Firstly, when both the RS and RR groups undergo radiotherapy, the RS group should exhibit significantly greater survival benefits
compared to the RR group. Secondly, in the absence of radiotherapy, the survival rate of the RS group should not surpass that of the RR
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group [39]. In our study, we found that the RS group demonstrated superior OS and DSS rates compared to the RR group among UCEC
patients who received radiotherapy. Importantly, this difference in survival outcomes was not observed among patients who did not
undergo radiotherapy. These findings provide robust evidence supporting the validity of the radiosensitivity model as a predictive
marker for UCEC patients.

UCEC has long been acknowledged as a cancer with diverse histological and molecular characteristics that hold potential as
predictive biomarkers [42]. In our study, we observed frequent mutations in PTEN, PIK3CA, ARID1A, and P53, indicating their sig-
nificance in UCEC. Notably, UCEC exhibits a higher frequency of mutations in the PTEN/PI3K/AKT pathway compared to other tumor
types, presenting translational opportunities for targeted therapeutic interventions. TCGA has played a vital role in identifying these
molecular subsets by conducting comprehensive molecular analyses on 373 endometrial cancers [43]. This analysis revealed four
distinct subsets with varying prognoses: POLE ultra-mutated, microsatellite instability hypermutated, copy number low, and copy
number high. In our study, we found that the RS group predominantly consisted of the POLE ultra-mutated subset. The mutational
status of POLE has been validated as an independent prognostic factor for UCEC patients, with those harboring somatic POLE mu-
tations demonstrating a favorable prognosis [44]. Additionally, POLE mutations have been shown to regulate cytokine secretion,
thereby influencing immune responses. This may partially explain why patients in the RS group exhibited a higher sensitivity to
radiotherapy. Consequently, one of the objectives of our study was to establish a potential relationship between POLE mutations and
radiosensitivity.

The DNA repair pathway plays a critical role in maintaining genomic stability and repairing DNA damage induced by radiation
therapy [45]. UCEC exhibit heterogeneity in their DNA repair capacity, which can impact their response to radiotherapy. Our study
showed that the RS group exhibited significant enrichment in DNA damage repair pathways. Dysregulation of the HR pathway can
result in impaired DNA repair and increased radiosensitivity [46]. In addition to the HR pathway, other DNA repair pathways, such as
NHEJ and BER, also contribute to the repair of radiation-induced DNA damage [47]. Furthermore, the relationship between DNA
repair pathway, immune infiltration, and radiosensitivity in UCEC is of great interest. The results of our study reveal an intriguing
relationship between immune cell proportions, radiosensitivity, and OS rates in UCEC patients. The RS-Tfh-high subgroup demon-
strated a significantly superior OS rate compared to the other subgroups. This finding suggests that a higher proportion of Tfh cells,
which are crucial for promoting B cell activation and antibody production. Conversely, the RR-Tregs-low subgroup exhibited a
significantly poorer OS rate compared to the other subgroups. Our findings suggest that an immunosuppressive microenvironment
characterized by increased Tregs may contribute to radiation resistance and poorer survival outcomes in UCEC patients. This
observation presents a potential therapeutic opportunity to exploit the inherent immunoreactivity of these tumors by priming the
immune system for immunotherapy, potentially enhancing its efficacy.

Immunotherapy, harnessing the body’s intrinsic immune response against tumors, has emerged as a promising treatment option,
with several immune checkpoint inhibitors approved for various cancers, including UCEC [48,49]. However, responsiveness to these
therapies remains variable. Combination strategies with immune checkpoint inhibitors and other modalities, such as chemotherapy or
radiotherapy, are actively investigated in UCEC [50]. Notably, our study suggests a differential response to immunotherapy, with
patients in the RR group demonstrating a more favorable response compared to the RS group. This finding may be attributed to the
presence of distinct immune cell subsets. The higher Imnmunophenotype Score (IPS) and improved immunotherapy response observed
in the RR group could be explained by the presence of immunosuppressive cell subsets, such as Tregs. Inhibiting immune checkpoints
like PD-1 and CTLA-4 may overcome the immunosuppressive effects of Tregs, potentially enhancing immunotherapy efficacy.
Therefore, targeting Tregs or modulating the immunosuppressive microenvironment may hold promise for improving immunotherapy
response, particularly in the RR group. These findings pave the way for personalized immunotherapy strategies in UCEC, offering a
more tailored approach to optimize treatment outcomes.

PD-L1 overexpression has been observed in various human malignancies and has been associated with a poor prognosis and
resistance to anticancer therapies [51,52]. Therefore, identifying key targets that can inhibit PD-L1 expression and subsequently
enhance T-cell function has become a significant focus of research in the field of cancer immunotherapy. Interestingly, when we
categorized the patients into subgroups based on a combination of PD-L1 levels and radiosensitivity status, we made some intriguing
observations. We found that the RS-PD-L1-high subgroup had significantly higher immune cell infiltration, immune-related pathways
and better OS rate compared to the other subgroups. Consistent with our previous results, the RS-PD-L1-high subgroup predominantly
consisted of patients with middle immunity and high immunity. These results suggested that the RS-PD-L1-high subgroup may have a
more activated and diverse immune response, which could contribute to their improved prognosis. Our study provides valuable in-
sights for the development of personalized immunotherapy approaches in UCEC. Further studies are needed to validate these findings
and explore the underlying mechanisms driving the association between immune activation, PD-L1 expression, and radiosensitivity in
UCEC.

Several limitations should be acknowledged in our study. Firstly, the retrospective nature of our study, utilizing publicly available
TCGA cohorts, raises the need for validation in a prospective cohort to ensure the robustness and generalizability of our findings.
Moreover, the use of two cell lines for validation is a limited approach. In future studies, it would be important to validate our findings
using clinical specimens or additional cell lines. Secondly, it is worth noting that while previous studies commonly employed
immunohistochemistry as a means to assess PD-L1 expression, we chose to utilize CD274 mRNA expression as a surrogate marker.
Lastly, Although the radiosensitivity index identified in this study was predictive of patient prognosis, only two of the four genes
included in the index were validated in in vitro experiments. This suggests that the in vitro cell culture model used in this study does
not fully recapitulate the complex tumor microenvironment of patients receiving radiotherapy. Future studies using more clinically
relevant models, such as patient-derived xenografts, are needed to confirm the findings of this study and to identify additional DNA
repair-related biomarkers that could be used to predict patient prognosis and response to radiotherapy.
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5. Conclusion

In summary, our study successfully developed a signature based on DNA repair-related genes that can accurately identify UCEC
patients who are likely to benefit from radiotherapy. We observed significant enrichment of DNA damage repair pathways in the
signature-defined RS group. Specifically, the RS group demonstrated higher proportions of naive B cells and follicular helper T cells,
while Tregs and memory B cells were more abundant in the RR group. Furthermore, patients classified into the RS-PD-L1-high sub-
group exhibited enriched in immune-related pathways and increased sensitivity to immunotherapy, which is likely to contribute to
their improved prognosis.
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