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Abstract

Background: Endometrial cancer (EC) is one of the most common gynecological malignancies worldwide.
However, the molecular mechanisms and the prognostic prediction for EC patients remain unclear.

Methods: In the current study, we performed an in-depth analysis of over 500 patients which were obtained from
the Cancer Genome Atlas (TCGA) database. The bioinformatics analysis included gene set enrichment analysis
(GSEA) and Cox and lasso regression analyses to ensure overall survival (OS)-related genes, moreover, to construct a
prognostic model and a nomogram for EC patients.

Results: GSEA identified 4 gene sets significantly associated with EC, which are DNA repair, unfolded protein
response, reactive oxygen species pathway and UV response up. Twenty-five OS-related DNA repair genes were
screened out, after that, a 9-mRNA signature was constructed to measure the risk scores of patients with different
outcomes. In addition, a nomogram contained the 9-mRNA model and clinical parameters was also presented to
assess the prognosis. Patients with low risk were more likely to have sensitivity to paclitaxel, vinblastine, rapamycin,
metformin, imatinib, Akt inhibitor and lapatinib.

Conclusions: The identified highly enriched gene sets may offer a novel insight into the tumorigenesis and
treatment of EC. Additionally, the constructed 9-mRNA model and the nomogram have prominent clinical
implications for prognosis evaluation and specific therapy guidance for EC patients.
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Background
Endometrial cancer (EC) is a common malignancy for
female which caused over 89,000 deaths in the last year
all over the word [1]. This disease is generally implied a
favorable prognosis at an early stage with a high survival
rate (over 95%) due to fairly frequent early vaginal bleed-
ing. However, 30% of EC patients are diagnosed at a late
stage with regional or distant metastasis, resulting in less
than 20% 5-year survival rate. The current method to
measure patient outcomes is to combine the preopera-
tive clinical examination with surgical exploration, as
well as pathological diagnosis after surgery. Nevertheless,
a fraction of EC patients exhibit a insensitivity to chemo-
therapy with a high risk of cancer progression or recur-
rence. Given the limitations of the Federation
Internationale of Gynecologie and Obstetrigue (FIGO)
staging system and histological classification for the
evaluation of prognosis, identifying predictive bio-
markers and incorporating genetic features into the
evaluation systems to help clinicians provide rational
therapy and predict prognosis are truly imperative [2, 3].
DNA repair has been reported to closely participate in

the pathological progression of multiple cancers [4–7].
The biological role of the process in EC development
has been rarely studied. In our study, we analyzed the
genomic data of EC patients acquired from the Cancer
Genome Atlas (TCGA) database and investigated the
pathological function of the DNA repair process. Fur-
thermore, we constructed a 9-mRNA-based prognostic
signature to evaluate the risk scores of patients and pre-
sented a nomogram for clinicians to predict the out-
comes of EC patients who received reasonable
treatment.

Methods
Data collection and processing
We integrated the FPKM format of RNA-seq expression
set of 552 cancerous and 35 normal tissues and the clin-
ical data of all EC patients from TCGA cohort to obtain
520 EC patients. Then, the 520 EC patients were ran-
domly separated into two groups, including the training
group (n = 312) and the testing group (n = 208). The
training cohort was applied for constructing the prog-
nostic model, while the testing cohort and the TCGA set
were used for validation.

Gene pathway analysis
Gene set enrichment analysis (GSEA) allows the investi-
gation of whether certain sets of genes exhibit significant
differences between two groups, while the Molecular
Signatures Database (MSigDB) enables the biological or
functional categorization of a given gene set according
to several annotated gene sets [8]. Through GSEA and
the hallmark gene sets from MSigDB, we explored the

potential biological pathway exchanges between EC tu-
mors and normal endometrial tissue from the entire EC
TCGA gene set. Gene sets with p < 0.05 and false discov-
ery rate (FDR) < 0.01 were considered significantly
enriched and were to subject to further investigation of
biological processes.

Identification of OS-related genes and the corresponding
clinical characteristics
We performed univariate, lasso and multivariate cox re-
gression analysis to find the relationship between patient
overall survival (OS) and the expression of DNA repair-
related genes using “survival” and “glmnet” R packages.
A gene was considered an OS-related gene candidate
when the P-value was < 0.05 in the univariate cox
regression analysis via the “Survival” R package. Next,
lasso-penalized and multivariate cox regression analysis
were applied for further screening, and the satisfactory
mRNAs were ultimately included. We also calculated
hazard ratios (HRs) and regression coefficients of each
gene. The type and frequency of gene alteration, and the
50 most frequently altered neighbor genes of satisfactory
genes, were presented by the cBioPortal tool [9]. The
correlation among OS-related DNA repair genes and
Kaplan-Meier curve plots of each gene were also dis-
played. The Kaplan-Meier plots of OS in the two groups
were divided by the best-separation value of each hub
gene. The expression levels of OS-related DNA repair
genes were studied with the GEPIA website, and the
protein levels were measured by the Human Protein
Atlas (HPA) database [10].

Foundation of the gene-related prognostic model
The prognostic risk score model was uesd to predict
clinical outcome of EC patients, which was the combin-
ation of each optimal prognostic mRNA expression level
multiplied by the relative regression coefficient weight
computered from the multivariate cox regression model
based on the following equation:

Risk Score patientð Þ ¼
X

i

Coefficient mRNAið Þ � Expression mRNAið Þ

According to the median risk score, all the patients from
training cohort were separated into high- and low-risk
groups. The Kaplan-Meier analysis of both groups were
performed, and the receiver operating characteristic
(ROC) curve for OS prediction was used to evaluate the
specificity and sensitivity of the model [11]. Multivariate
regression analysis that included the patient age, tumor
stage, grade and risk score was also implemented to test
the independency of the prognostic model without clin-
ical characteristics.
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Validation of the efficacy of the prognostic risk model
We compared the testing group or entire TCGA and the
EC patient risk score with the cut-off value calculated
from the training group. Each patient was determined as
a high-risk or low-risk case. Kaplan-Meier curve analysis,
Time-dependent ROC analysis, and multivariate cox re-
gression analysis were also employed. Additionally, we
also performed stratification analysis on the basis of clin-
icopathological features of age, tumor stage, graede and
the type of histological.

Chemotherapeutic response estimation
The chemotherapeutic response for each sample was es-
timated according to the Genomics of Drug Sensitivity
in Cancer (GDSC) database (https://www.cancerrxgene.
org/). Eight commonly used chemotherapy drugs, in-
cluding cisplatin, paclitaxel, bleomycin, vinblastine, gem-
citabine, rapamycin, metformin, imatinib, Akt inhibitor
and lapatinib, were selected. The estimation process was
performed via the R package “pRRophetic,” where the
half-maximal inhibitory concentration (IC50) of the
sample was evaluated by ridge regression, and the pre-
diction accuracy was estimated by 10-fold cross-
validation on the basis of the GDSC training set. All
parameters were determined by the default values ex-
cluding the batch effect of “combat” and tissue type of
“all solid tumors”. The duplicate gene expression was
summarized as a mean value [12].

Building and confirmation of the nomograms
We constructed the nomogram and presented a cali-
brated curve that incorporated the clinical factors and
mRNA signature utilizing the “rms” R package. The cor-
rectness of the nomogram was examined by checking
the homogeneity index of the predicted probability with
actual observation frequency. Then, we visualized the re-
sults by exhibiting the predicted prognosis and the ac-
tual prognosis of the nomogram in the calibration curve.
The 45° line was considered as the best prediction.

Clinical specimens
We analyzed 10 EnCa tissues and paired them with nor-
mal tissues in present study, and all the patients were
collected at the Wuxi Maternal and Child Health Hos-
pital Affiliated to Nanjing Medical University. Our study
was approved by the Clinical Research Ethics Committee
of Wuxi Maternal and Child Health Hospital Affiliated
to Nanjing Medical University, and was carried out ac-
cording to the Declaration of Helsinki.

Total RNA extraction and quantitative real-time PCR
analysis
TRIzol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) was used to extract total RNA from tissue

samples, and the Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) with an RNA 6000
Nano Kit to estimate the integrity of the extracted RNA.
We synthesize single-stranded complementary DNA by
the reaction of High-Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific) with the extracted
RNA and then conducted real-time quantitative analysis
using SYBR Green PCR Kit (Thermo Fisher Scientific).
The cycle threshold (Ct) of each gene was recorded. We
calculated the relative expression of the target gene with
the 2−ΔΔCt method. All program procedures for real-
time quantitative RT-PCR (qRT-PCR) were conducted
based on the instructions of manufacturer. Primer se-
quences for GAPDH and five hub genes are presented in
Table 1.

Results
Gene set enrichment analysis and gene screening
The GSEA results showed that 4 of 50 gene sets (inclu-
sion criteria: p-value < 0.05 and FDR < 0.05) were signifi-
cantly enriched from the hallmark gene sets in the
Molecular Signatures Database, including the DNA re-
pair, unfolded protein response, reactive oxygen species
pathway and UV response up (Fig. 1, Table 2). Ranking
by the p-value, the DNA repair process contained 142
key enriched genes, was selected for further research.

Identification of nine DNA repair-related genes and their
characteristics
Through conducting univariate Cox regression analysis
in the training cohort, a total of twenty-five genes were
demonstrated to be associated with the OS of EC pa-
tients (P < 0.05). Then, Lasso Cox regression analyses
narrowed this figure into nineteen based on the

Table 1 Primer sequences for six hub genes and GAPDH

Gene Primer Sequences

TP53-F CAGCACATGACGGAGGTTGT

TP53-R TCATCCAAATACTCCACACGC

RFC2 -F GTGAGCAGGCTAGAGGTCTTT

RFC2 -R TGAGTTCCAACATGGCATCTTTG

SEC61A1-F GGACCGCTATCACCCTCTTTA

SEC61A1-R TCCATCAATGTGCCTCTGTTAGA

TAF10-F GCCATATCTAACGGGGTTTACG

TAF10-R GCACGGTTCAGGTAGTAACCAG

UMPS-F TTGGTGACGGGTCTGTACGA

UMPS-R GAAGACGCGGTCGAGACAC

DDB2 -F ACCTCCGAGATTGTATTACGCC

DDB2-R TCACATCTTCTGCTAGGACCG

GAPDH-F ACCACAGTCCATGCCATCAC

GAPDH-R TCTAGACGGCAGGTCAGGTC
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Fig. 1 Four gene sets notably involved in the EC tumor phenotype using GSEA: (a) DNA repair, (b) reactive oxygen species pathway, (c) UV
response up, and (d) unfolded protein response

Table 2 Gene sets enriched in endometrial cancer TCGA samples

GS follow link to MSigDB SIZE NES NOM p-val FDR q-val

HALLMARK_DNA_REPAIR 147 2.443 < 0.0001 < 0.0001

HALLMARK_UNFOLDED_PROTEIN_RESPONSE 111 2.169 < 0.0001 0.0004

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY 47 2.149 < 0.0001 0.0003

HALLMARK_UV_RESPONSE_UP 157 2.056 < 0.0001 0.0003
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minimum criteria (Fig. S1). Consequently, the multivari-
ate Cox regression analysis identified 9 of 19 mRNA
candidates to be significantly associated with survival,
which were tumor protein p53 (TP53), ribonucleic acid
export 1 (RAE1), replication factor C 2 (RFC2), TAF10
RNA polymerase II, TATA box binding protein (TBP)-as-
sociated factor (TAF10), damage-specific DNA binding
protein 2 (DDB2), uridine monophosphate synthetase
(UMPS), TAF12 RNA polymerase II, TATA box binding
protein (TBP)-associated factor (TAF12), excision repair
cross-complementation group 2 (ERCC2) and sec61 alpha
1 subunit (SEC61A1). By inputting all these genes into
the cBioPortal website, we found that the gene alteration
frequency of the 9 core genes among 548 EC samples
was beyond 25% and these key genes were strikingly
amplified and mutated. Intriguingly, the top 2 were
TP53 and RAE1, with TP53 largely missense mutated
and RAE1 deeply amplified (Fig. 2a–c). The correlation
efficiencies among the 9 candidate genes are shown in
Fig. 2d. RAE1 and UMPS had high correlation since the
coefficient was 0.61. What’s more, Kaplan-Meier survival
analysis manifested that RAE1, UMPS and RFC2 were

positively correlated to the OS of EC patients, while
TP53, DDB2, TAF10, SEC61A1 and TAF12 were protect-
ive genes (Fig. S2). Based on the GEPIA web-based tool
and the results from our recruited cohort, we found that
TP53, RFC2, TAF10, UMPS and SEC61A1 were overex-
pressed in EC patients, while DDB2 was downregulated
in cancer tissues (Fig. S3, Fig. 3). The expression level of
proteins translated by most of these genes in EC tissues
was also demonstrated by the HPA website (Fig. 4).
Additionally, the relationships between the expression
level of the 9 DNA repair-related genes and clinical pa-
rameters were also displayed in Table 3.

Development of a nine-gene model for survival
prediction
To predict the prognosis of EC, we conducted a nine-
gene-based risk score model as follows: risk score =
(− 0.000113463× expression level of TP53) + (− 0.000547732×
expression level of RAE1) + (0.000969504× expression
level of RFC2) + (− 0.000234564 × expression level of
TAF10) + (− 0.001461235× expression level of DDB2) +
(0.000779442× expression level of UMPS) + (− 0.001201708×

Fig. 2 The gene mutation and correlation of 9 DNA repair-related genes analyzed through TCGA endometrial cancer patients. a Ten key genes
are altered in 145 (27%) of queried patients. b The mutation types of 9 core genes. c The network instituted by 9 genes and the most sharply
altered 50 neighbor genes. d The correlation efficiency between 9 genes
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Fig. 3 The expression level of (a) TP53, (b) RFC2, (c) SEC61A1, (d) TAF10, (e) UMPS and (f) DDB2 mRNA in cancerous and normal tissues from the
recruited EC patients

Fig. 4 The expression level of (a) TP53, (b) RFC2, (c) TAF10, (d) TAF12, (e) UMPS, (f) DDB2 and (g) ERCC2 in cancerous and normal tissues from
the HPA database

Liu et al. BMC Cancer           (2021) 21:29 Page 6 of 15



Table 3 Relationships between the expression level of 9 DNA repair-related genes and clinical factors in endometrial cancer

Gene Age (<=60/> 60) Stage (stage I & II/stage
III & IV)

Histological Type (endometrioid/
Mix & serous)

Grade (G1 & 2/G3 & 4) Tumor Status (tumor free/
with tumor)

T P T P T P T P T P

TP53 1.346 0.179 2.301 0.022 3.083 0.002 −1.633 0.103 1.388 0.167

RAE1 −4.519 7.70E-06 −4.698 4.67E-06 −9.214 1.51E-16 12.663 7.14E-32 −3.39 9.00E-04

RFC2 −0.793 0.428 −2.505 0.013 −0.175 0.861 7.051 5.77E-12 −1.899 0.06

TAF10 2.012 0.045 1.114 0.266 2.112 0.036 −2.479 0.014 0.908 0.366

DDB2 2.995 0.003 2.206 0.028 7.618 1.18E-12 −3.72 2.21E-04 3.692 3.13E-04

UMPS −2.821 0.005 −3.758 2.21E-04 −7.657 1.03E-12 10.782 1.36E-24 −3.526 5.85E-04

TAF12 2.886 0.004 1.035 0.302 0.034 0.973 1.224 0.221 0.637 0.525

ERCC2 −1.162 0.246 −0.906 0.366 −1.531 0.128 3.661 2.79E-04 −1.075 0.285

SEC61A1 0.783 0.434 1.427 0.155 4.914 1.59E-06 −1.144 0.253 1.491 0.138

Note: T T value of student’s t test; P P-value of student’s t test

Fig. 5 Survival analysis of the training cohort obtained from TCGA. a The risk score, (b) survival status, (c) expression heatmap, (d) Kaplan-Meier
survival and (e) ROC curves to assess the prognostic value of the model in training TCGA cohort
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expression level of TAF12) + (0.000378192 × expression
level of ERCC2) + (− 7.04E-05× expression level of
SEC61A1). By this formula, we calculated the risk
scores of individuals in the training cohort, as well as
displaying the distribution of each patient’s survival
status via dot plot (Fig. 5a, b). Additionally, patients
from the training set were classified into a high- or
low-risk group based on the median risk sccore. A
heatmap was also constructed to display the expres-
sion pattern of each gene to visualize the variance of
the high- and low-risk groups from the prognostic
model (Fig. 5c). Specifically, Kaplan-Meier survival
analysis demonstrated that the OS of the high-risk set
was remarkably shorter than that of the low-risk set
(P = 1.024e− 05) (Fig. 5d), ROC curves indicated the
area under the ROC curve (AUC) of this prognostic

model were 0.738, 0.759 and 0.782 at 1, 3, 5 years re-
spectively (Fig. 5e). Furthermore, Univariate and
multivariate Cox regression analyses verified this nine
DNA repair-related gene-based model could be served
as an independent indicator of EC (Fig. 7a, b).

Validation of the prognostic model
According to the cut-off value, we divided the testing
cohort into 109 high-risk and 99 low-risk individuals.
The risk scores and survival status of individuals were
presented, as well as the expression levels of the 9 prog-
nostic genes which was revealed by heatmap (Fig. 6a–c).
The analysis of each patient from low- or high-risk
group in the testing cohort were also executed. The
Kaplan-Meier plot demonstrated the low-risk group ex-
hibited better survival compared to the high-risk group

Fig. 6 Survival analysis of the testing TCGA cohort. a The risk score, (b) survival status, (c) expression heatmap, (d) Kaplan-Meier survival and (e)
ROC curves to assess the prognostic value of the model in the entire TCGA testing cohort
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(P = 2.461e− 02) (Fig. 6d). The 1-, 3-, and 5-year survival
predictive accuracy of the model was 0.665, 0.681 and
0.734 respectively via ROC curve (Fig. 6e). Likewise,
whether the prognostic model could be served as an in-
dependent indicator was also testified in the testing co-
hort through univariate and multivariate Cox regression,
the analyses revealed the model could correctly predict
the prognosis of EC patients without combining with
other clinical characteristics (Fig. 7c, d).
The results of the survival analysis,based on nine-gene

signature, about the prognosis of EC patients obtained
from the entire TCGA cohort was parallel to the above
results. Patients from the entire TCGA cohort were sep-
arated into a high-risk set (n = 270) and a low-risk set
(n = 255) based on the median risk score. The distribu-
tion of each individual’s risk scores and survival status,
as well as the expression levels of the 9 prognostic genes,
were displayed (Fig. 8a–c). After that, Kaplan-Meier ana-
lysis showed that high-risk patients had shorter OS than
low-risk patients (P = 1.28e− 06) (Fig. 8d). The ROC ana-
lysis was also made to reflect the predictive precision of
the model in the TCGA cohort. The AUC of the prog-
nostic model for 1-, 3-, and 5-year overall survival was
0.718, 0.73 and 0.762, respectively (Fig. 8e). Univariate
and multivariate Cox regression analyses of the entire
TCGA cohort demonstrated the independence of the
model in predicting patient outcomes (Fig. 9a, b).

Relationship between 9-gene-based model and
clinicopathological features
The stratification analysis was performed using patient
age, tumor grade, stage and histological type. The 9-
mRNA model could still distinguish high-risk individuals
either in stage I/II or stage III/IV subgroups, and the OS
of the high-risk cohort was markedly inferior than that
of the low-risk cohort in both stage I/II (P = 0.007976)
and stage III/IV subgroups (P = 0.004892) (Fig. S4A, B).
Likewise, the high-risk EC patients with the endome-
trioid type had a lower overall survival rate (P =
0.008215), which was acceptable to the results of the ser-
ous and mixed type subgroups (P = 0.040336) (Fig. S4C,
D). The prognostic capability of the nine-mRNA model
in patients with regard to grade and age were also vali-
dated. Patients ≥65 years old (Fig. S4F) or in the grade
III/IV subgroup (Fig. S4E) were also divided into differ-
ent cohorts. In parallel to the results above, the high-risk
cohort in both subgroups was inclined to have worse
OS. Intriguingly, the combination of the model and the
clinical factors for predicting the 1-, 3- and 5-year OS of
EC patients was full of high-efficient than anyone alone
(Fig. 9c–e). Meanwhile, we compared the risk scores of
patients according to age, grade and histological type.
The results showed that patients with age > 60, G3/4
grade or mixed/serous histological type exhibited a
higher risk (Fig. 9f–h).

Fig. 7 Univariate (a, c) and multivariate (b, d) cox regression analyses to test the independence of the model in the training (a, b) and testing (c,
d) cohort, accompanied by clinicopathological characteristics
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Diverse chemotherapeutic drug sensitivity of two
subgroups
As the chemotherapy is a common therapeutic strategy
in EC treatment, we tried to assess the response of two
subgroups to a list of common chemotherapeutic drugs.
Thus, we trained the model on the GDSC cell line data-
set by ridge regression with a satisfied predictive accur-
acy assessed by 10-fold cross-validation. We estimated
the IC50 for each sample in the TCGA dataset based on
the predictive model and observed significant differences
in the estimated IC50 between the high- and low-risk
subgroups for these chemotherapeutic drugs. Interest-
ingly, the low-risk subgroup showed much higher sensi-
tivity to paclitaxel, vinblastine, rapamycin, metformin,
imatinib, Akt inhibitor and lapatinib than did the high-
risk subgroup (Fig. 10).

Nomogram construction and its clinical effectiveness
To offer a measurable method for clinicians to estimate
the OS of EC patients, we constructed a nomogram that
contained the 9-mRNA-based model and other clinical
characteristics, including age, tumor status, grade, stage
and histological type. The 45° line represented the opti-
mal prediction. The calibration curve of 3- or 5-year OS
implied the nomogram could display a good perform-
ance with high concordance to the estimates (Fig. 11a–
c).

Discussion
In this study, we first performed GSEA on the mRNA
profiles of all the EC patients from TCGA database and
identified four significantly enriched biological processes:
DNA repair, unfolded protein response, reactive oxygen

Fig. 8 Survival analysis of the entire TCGA cohort. a The risk score, (b) survival status, (c) expression heatmap, (d) Kaplan-Meier survival and (e)
ROC curves of the nine genes-based model for the entire TCGA EC cohort
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species pathway and UV response up. We mainly fo-
cused on the DNA repair process, as it was the most
eye-catching due to its p-value. DNA repair-associated
genes have been characterized to be tightly associated
with the physiological and pathological processes of
various cancer types. Patients with metastatic castration-
resistant prostate cancer resistant against prostate-
specific membrane antigen (PSMA) targeting alpha-
radiation therapy (TAT) often harbor mutations in
TP53, checkpoint kinase 2 (CHEK2), breast cancer gene
1/2 (BRCA1/2) and other DNA repair-associated genes
[4]. The anti-tumor mechanisms of some

chemotherapeutic drugs were partly due to their ability
to interfere with DNA repair and induce DNA damage,
whereas drug resistance often followed the disturbance
of such processes. The DNA repair defects caused by
loss of chromodomain helicase DNA binding protein 1
(CHD1) significantly enhanced prostate cancer thera-
peutic responsiveness [5]. Likewise, imipramine blue
could suppress breast cancer growth and metastasis by
inhibiting FoxM1-mediated DNA repair processes [13].
Next, we conducted univariate, lasso and multivariate

Cox regression analyses, consequently, nine DNA repair-
mRNAs were ascertained to be closely relevant to the

Fig. 9 The prognostic value for the entire TCGA EC cohort was evaluated by univariate (a) and multivariate (b) regression and 1-, 3-, 5-year ROC
(c–e) analysis. The relationship between the 9-mRNA signature and age (f), grade (g) and histological type (h) were also exhibited
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OS of EC patients, which are TP53, RAE1, RFC2, TAF10,
DDB2, UMPS, TAF12, ERCC2 and SEC61A1. TP53 mu-
tation has been verified to act a crucial role in EC
tumorigenesis. Kuhn et al. analyzed the genomes of 76
patients with uterine serous carcinomas and found fre-
quent (81.6%) somatic mutations of TP53 in the cohort
[14]. Wild et al. also found that patients with p53 ex-
pression or mutation status showed poorer survival [15].
Wang et al. reported that the gain-of-function mutant
p53-R248Q could effectively promote progression of EC
by targeting the proteasome activator REGγ [16]. RAE1
is thought to participate in nucleocytoplasmic transport
and attach cytoplasmic mRNPs to the cytoskeleton.
RAE1 was found to be overexpressed in patients with es-
trogen receptor-positive breast cancer and related to
poorer disease-free survival and distant metastasis-free
survival. Upregulated RAE1 induced invasive and migra-
tory phenotypes through mediating the epithelial-
mesenchymal transition signals [17]. Herein, for patients
with estrogen-dependent EC, RAE1 may serve as a novel
candidate to be targeted for drug therapy. It has been
widely studied that long-term tamoxifen usage could sig-
nificantly induce an increased risk of EC and lead to
worse prognosis [18, 19]. TAF10 was found to be closely
associated with the formation of TFIID complexes and
to be indispensable for folate receptor (FR)-alpha P4
promoter activity. Hao et al. discovered that E2 could
downregulate various genes via direct TAF10-dependent
association of the ER with the core promoter, while tam-
oxifen largely reverses this process [20]. The biological
relationship between TAF10 and tamoxifen in the patho-
genesis of EC still needs further study. Barakat et al.
have found that overexpressed DDB2 in human ovarian

cancer cells exhibited higher sensitivity to cisplatin
through activating cellular apoptosis [21]. Zhao et al. un-
covered a novel mechanism of DDB2 that could bind to
the promoter region of NEDD4L to activate the TGF-β
signaling pathway in ovarian cancer cells, finally improv-
ing the sensitivity of cells to TGF-β-induced growth in-
hibition [22]. Duffy et al. performed genome-wide
screens in budding yeast and identified TDP1 and
TAF12 as human orthologs recurrently overexpressed
and/or amplified in human tumors, which cause
chromosome instability (CIN) [23]. Likewise, Tong et al.
performed a cross-species genome-wide search and rec-
ognized that TAF12, NFYC and RAD54L jointly partici-
pated in the development of choroid plexus carcinoma
[24]. ERCC2, as a nucleotide excision repair (NER) gene,
was found to be notably mutated in urothelial cancer
and closely associated with the mutational activity of
broad base changes [25]. In addition, the mutations of
ERCC2 mediated the complete response to cisplatin-
based chemosensitivity in muscle-invasive urothelial car-
cinoma [26]. These works provide new perspective that
defects in NER can be exploited to enhance the efficacy
of conventional platinum-based chemotherapy in the
treatment of EC. RFC2 encodes a member of the activa-
tor 1 small subunits family, which could bind ATP and
help promote cell survival. SEC61A1 is closely involved
in membrane-bound ribosomes and the insertion of
secretory and membrane polypeptides into the endoplas-
mic reticulum. Mutation or downregulation of UMPS
could lead to 5-FU resistance during treatment and may
serve as a marker predicting the toxicity of tegafur-
uracil/leucovorin-based neoadjuvant chemoradiation for
patients with locally advanced rectal cancer [27, 28].

Fig. 10 Differential putative chemotherapeutic and immunotherapeutic response of the high- and low-risk groups. The box plots of the
estimated IC50 for cisplatin, paclitaxel, bleomycin, vinblastine, gemcitabine, rapamycin, metformin, imatinib, Akt inhibitor and lapatinib
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However, such genes have yet not been studied in EC. In
our study, we established a prognostic model involving
these genes, uncovering the potential value of such genes
in EC prognosis prediction.
Based on the calculated HRs and regression coeffi-

cients of each DNA repair-related gene, we constructed
a prognostic model for survival prediction. Cox regres-
sion analysis manifested that the combination of nine
DNA repair-related mRNAs has favorable efficacy and
reproducibility in predicting prognosis of EC patients
without relying on clinical parameters. Meanwhile, the
relationship between the 9-mRNA signature and clinico-
pathological features was also investigated, which exhib-
ited fine performance in distinguishing high-risk patients
with age, tumor grade, stage and histological type.

EC is typically treated with surgery and platinum-
based chemotherapy. By using the GDSC database, we
found that patients in the low-risk subgroup exhibited
more sensitive to commonly used chemotherapeutic
agents compared with patients in the high-risk sub-
group, which demonstrated that low-risk patients may
benefit from the combination of chemotherapy. Finally,
we constructed a nomogram built with a combined
model to precisely predict the probability of OS for EC
patients. The calibration curves showed the actual sur-
vival was highly consistent with the predicted survival,
highlighting the excellent predictive value of the
nomogram.
The strengths of our research lean on the following as-

pects. First, this study was highly methodologically

Fig. 11 The nomogram to evaluate 3-, 5-year OS in the entire set. a The nomogram to evaluate the proportion of patients with 3- or 5-year OS.
b, c The calibration plots to assess 3- or 5-year OS in patients. The nomogram is comprised of x-axis (represented the probability of the survival)
and the y-axis (represented the actual survival)
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reasonable, as it was mainly based on the TCGA public
database that contained large amounts of samples. Sec-
ond, all DNA repair-related prognostic genes were se-
lected. The 9-mRNA model was confirmed as closely
correlating to the prognosis of patients with EC and ap-
propriate for prognostic estimation, since the results of
survival analyses from both the training and testing co-
horts were consistent with our hypothesis. The most in-
novative aspect of our study was the construction of a
nomogram, which is the first model to combine the gen-
etic data of patients with EC with clinical information to
predict outcomes. Combined with traditional clinico-
pathological features, the predictive power of the nomo-
gram is increased and may become routinely used in the
future. However, some aspects of the current study
should be improved. Further experimental studies are
required to investigate the specific mechanisms regard-
ing DNA repair-related genes in EC. In addition, the
clinical value of the prognostic model and the nomo-
gram need further validation in both clinical practice
and prospective studies.

Conclusion
The identified highly enriched gene sets may offer novel
insight into the tumorigenesis and treatment of EC. In
addition, the constructed 9-mRNA-based signature and
nomogram had prominent clinical implications in prog-
nostic estimation and tailored therapeutic strategy for
EC patients.
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