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Abstract: Background: The prognostic assessment and therapeutic interventions of esophageal cancer (ESCA) re-
quire novel molecular targets. The prognostic value of necroptosis, a specific mode of programmed cell death strong-
ly linked to cancer progression, remains largely unexplored in ESCA. The primary goal of this research is to develop a 
necroptosis-based prognostic signature, which will represent the microenvironmental characteristics and prognosis 
of individuals diagnosed with ESCA. Methods: Transcriptome data of ESCA samples from The Cancer Genome Atlas 
were utilized to screen for necroptosis-related long non-coding RNAs (NR-lncRNAs) and genes (NRGs). The research 
employed the least absolute shrinkage and selection operator (LASSO) regression and univariate Cox regression 
analysis to identify prognostic candidates. Based on these analyses, a signature was developed in the training set 
and subsequently verified in the testing and entire sets. A clinicopathologic relevance assessment was carried out, 
after which a nomogram was established. The features of the immune microenvironment, functional pathways, 
mutational burden, checkpoint expression, and stemness of tumors were analyzed. Moreover, the sensitivity of 
individuals to immunotherapy and chemotherapy was compared for therapeutic guidance. Results: A necroptosis-
associated signature comprising two genes and eleven lncRNAs was constructed. High-risk patients showed worse 
prognosis and clinicopathologic features, with more tumor-infiltrating naïve B cells, CD4+ memory resting T cells, 
and regulatory T cells. Furthermore, stromal and ESTIMATE scores were decreased along with increased stem-
ness scores and tumor mutational burden in high-risk individuals. For the quantitative prediction of the outcomes 
of individuals, a nomogram was established. High-risk individuals showed greater sensitivity to immunotherapy 
while low-risk individuals benefited more from conventional chemotherapeutic or targeted therapy. Conclusion: A 
necroptosis-related prognostic signature was developed to study the tumor microenvironment, mutational burden, 
clinical features, and the treatment response of ESCA patients. This may contribute to precision medicine for ESCA.
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Introduction

Esophageal cancer (ESCA) is the seventh most 
prevalent malignancy globally, with 604,100 
new cases and 544,076 fatalities [1]. Despite 
employing chemotherapy, radiotherapy, and 
targeted molecular therapy as essential com-
ponents for the extensive treatment of inoper-
able ESCA, the 5-year survival rate of the  
individuals remains unfavorable [2]. Immuno- 

therapy, particularly immune checkpoint block-
ade (ICB) therapy, has shown remarkable clini-
cal efficacy in ESCA. Several recent clinical 
studies have demonstrated that combining ICB 
therapy and chemotherapy improves the overall 
survival (OS) of individuals with advanced-stage 
ESCA [3-5]. However, the application of immu-
notherapy still faces limitations such as low 
response rate, drug resistance, and few targets 
[6]. This observation suggests a need to look 
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for new biomarkers to improve prognosis pre-
diction, risk stratification, and treatment, to 
achieve better efficacy of immunotherapy. 

Cell death is one of the most important events 
in cellular physiologic activity related to tumori-
genesis, metastasis, treatment resistance, and 
cancer immunity [7]. Necroptosis is non-cas-
pase-dependent programmed cell death, trig-
gering inflammatory responses by damage-
associated molecular patterns (DAMPs), which 
subsequently stimulate the release of cyto-
kines and chemokines to induce innate and 
adaptive immunity to kill tumor cells [8]. Another 
study further revealed how tumor cells undergo 
necroptosis and release IL-1α to activate den-
dritic cells (DCs), thereby eliciting anti-tumor 
immunity through the generation of IL-12 and 
activation of CD8+ T cells [9]. Furthermore, it 
was noted that activation of necroptosis is  
efficacious in avoiding apoptosis resistance of 
tumors [10]. Therefore, necroptosis and its 
related molecules are promising candidates for 
identifying molecular targets with prognostic 
and therapeutic value in ESCA. 

Long non-coding RNAs (lncRNAs) are functional 
RNAs consisting of around 200 nucleotides 
that do not contribute to protein-encoding  
processes. LncRNA H19-derived miR-675 
induces necroptosis of hepatocellular carcino-
ma (HCC) cells by raising pMLKL and RIP3  
levels and inhibiting the expression of FADD, 
cleaved-caspase-3, and cleaved caspase-8 
[11]. LncRNA SNHG1 has been implicated  
in inhibiting the acceleration and proliferation 
of necroptosis of stomach adenocarcinoma 
cells by downregulating miR-21-5p and TLR4 
[12]. It was also reported that a lncRNA term- 
ed TRINGS (TP53-Regulated Inhibitor of Ne- 
crosis under Glucose Hunger) binds to serine-
threonine kinase receptor-associated protein 
(STRAP) and impedes GSK3β-NF-κB necrotic 
signal, thus protecting malignant cells from 
death [13]. The functional roles and prognostic 
values of necroptosis-related genes (NRGs) 
and necroptosis-related lncRNAs (NR-lncRNAs) 
have not been fully demonstrated in ESCA. 
Thus, our objective was to identify novel thera-
peutic targets in NRGs or NR-lncRNAs with 
prognostic value in ESCA.

In this study, NRGs and NR-lncRNAs with prog-
nostic value in ESCA were analyzed and newly 
proposed. A novel necroptosis-associated sig-

nature was subsequently constructed to uncov-
er its prognostic role and association with the 
immune microenvironment along with its thera-
peutic potential in ESCA. The acquired data are 
expected to facilitate prognostic assessment 
and precision medicine for individuals with 
ESCA.

Materials and methods

Data acquisition and preprocessing

The RNA sequencing (RNA-seq) datasets of 
esophageal cancer (n = 160) and adjacent  
normal tissue (n = 11) were provided by The 
Cancer Genome Atlas (TCGA) (https://gdc.can-
cer.gov/). The limited number of normal esoph-
agus samples led us to download the data of 
150 normal samples from the database, GTEx 
(www.gtexportal.org/). Clinical data, including 
survival time, status, and stage, were also 
acquired from TCGA. After excluding samples 
with OS of less than 60 days, a total of 152 
ESCA cases were obtained in this research. 
Those samples were further classified random-
ly into two sets, the training (n = 76) and testing 
(n = 76) sets. A total of 67 necroptosis-related 
genes (NRGs) were provided by the Molecular 
Signatures Database (MsigDB) (www.gsea-
msigdb.org) and previous literature [14]. Figure 
1 exhibits the general workflow of this study. 

Selection of NRGs and NR-lncRNAs 

Differential analysis was carried out by employ-
ing the Limma package with the parameters set 
as false discovery rate (FDR) < 0.05 & |log2Fold 
Change (FC)| > 0.585 [15]. Afterward, the dif-
ferentially expressed lncRNAs (DE-lncRNAs) 
and the differentially expressed necroptosis-
related genes (DE-NRGs) were extracted, along 
with an evaluation of their expression correla-
tion. LncRNAs showing considerable positive 
correlations (|R| > 0.3 & P < 0.001) with 
DE-NRGs were defined as NR-lncRNAs.

Development and verification of a necroptosis-
associated signature

Based on the clinical data of ESCA cases, 
expression of the DE-NRGs and NR-lncRNAs 
was combined with survival information, includ-
ing OS time and status. Univariate Cox regres-
sion analysis was carried out to select NRGs 
and NR-lncRNAs with prognostic value (P < 
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0.05). Afterward, the LASSO regression was 
conducted utilizing the glmnet and survival 
packages. In total, 1000 random stimulations 
were set for each cycle to prevent overfitting. 
Hitherto, a model was established. The risk 
score was demonstrated utilizing the formula 
below: 

Risk score= coef X expr X1
k

k
n k#
= ^ ^h h/

The “X” represents the NRG or NR-lncRNA used 
for signature construction. The coefficient of 
the NRG or NR-lncRNA was denoted as coef (X), 
and the expression of the NRG or NR-lncRNA 
was denoted as expr (X). The samples were 
subdivided into high- and low-risk categories 
according to their median risk score. The OS 
difference was analyzed utilizing the Kaplan-
Meier curve. Subsequently, heatmaps were 
generated to show expression profiles of NRGs 
and NR-lncRNAs.

Signature evaluation and nomogram establish-
ment 

For confirmation of the independence of the 
risk signatures, univariate and multivariate 
analyses were performed. Clinical characteris-
tics comprising gender, risk score, and TNM 
staging parameters, were incorporated to eval-
uate the independent effects of the risk signa-

ture and other clinical variables. Additionally, 
the link between risk scores and clinical vari-
ables was revealed by correlation analysis. The 
receiver operating characteristics (ROC) curves 
of the model were plotted, then the area under 
the curve (AUC) of different factors was quanti-
fied. A nomogram for quantitative prediction of 
survival prognosis was developed utilizing the 
rms package.

Gene set enrichment analysis (GSEA)

GSEA was executed to identify the considerably 
enriched pathways and terms in each group. 
Two gene sets (go.v7.4.symbols.gmt and cp.
kegg.v7.4.symbols.gmt) were acquired from the 
MsigDB. The process was conducted using R 
packages (limma, org.Hs.eg.db, clusterProfiler, 
etc.) [16].

Evaluation of immune function and infiltration

The infiltrative abundance of multiple immune 
cells was determined by xCELL, CIBERSORT, 
ESTIMATE, and MCPcounter [17, 18]. Outcomes 
of CIBERSORT led us to determine the link 
between the proportion of immune cells, the 
risk score, and the gene expression used for 
model construction. In addition, tumor-associ-
ated stem cells are vital in the tumor immune 
microenvironment (TIME). Hence, the tumor 

Figure 1. Workflow of this study
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stemness score was subjected to further analy-
sis. R packages, such as ggplot2, ggpubr, tidy-
verse, and reshape2, were adopted in the anal-
ysis and visualization process. Furthermore, 
single sample Gene Set Enrichment Analysis 
(ssGSEA) was conducted, and the expression 
of checkpoint molecules was comparatively 
assessed to discover the variation in immune 
functional phenotypes between tumors with 
different risks. 

Analysis of tumor mutational burden (TMB) 

Somatic mutation data of ESCA were provided 
by the TCGA. The TMB for each individual was 
computed and compared across the two risk 
categories by the maftools package [19]. The 
visualization method was the same as men-
tioned above.

Evaluation of sensitivity to immunotherapy and 
chemotherapy

Sensitivity to chemotherapy and the immuno-
therapy response were analyzed to understand 
the effectiveness of this signature in evaluating 
the direction of clinical treatment. The R pack-
age pRRophetic was employed for the predic-
tion of tumor sensitivity to commonly used che-
motherapeutic agents in clinical practice [20]. 
The efficacy of drugs was evaluated by the  
half-maximal inhibitory concentration (IC50). 
The tumor Immune Dysfunction and Exclusion 
(TIDE) database (https:// http://tide.dfci.har-
vard.edu/) was used to analyze immunogenici-
ty and immunoreactivity characteristics of the 
tumors; thus, TIDE scores can be used to 
assess whether patients may benefit from ICB 
therapy [21].

Statistical analysis

Statistical analyses were conducted using R 
software (4.0.3). Cox regression analyses were 
conducted to screen the prognostic molecules 
and test the independence of the risk signa-
tures. Student’s t-test was employed for the 
comparative analysis of the variations in con-
tinuous variables. The Chi-square test was 
employed for the comparative assessment  
of the proportions of categorical variables. 
Multiple R packages used for data visualization 
have been listed in individual sections. For all 
analyses, the statistical significance level was 
set at P < 0.05.

Results

Mining for differentially expressed NRGs and 
NR-lncRNAs in ESCA

To find molecules upregulated or downregulat-
ed in ESCA, a total of 150 normal samples from 
GTEx, 11 paracancerous samples, and 160 
ESCA samples from TCGA were acquired. Fo- 
llowing intersections with the previously report-
ed 67 NRGs, 55 NRGs in the expression data 
were identified. According to the criteria set  
for the expression difference (|Log2(FC)| > 
0.585 & FDR < 0.05), 45 DE-NRGs and 1084 
DE-lncRNAs were identified (Figure 2A, 2B). 
Afterward, 496 NR-lncRNAs were selected  
from 1084 DE-lncRNAs by correlation analysis 
(correlation coefficients > 0.3 and P < 0.001). 
Subsequent screening of the prognostic mem-
bers was conducted from these 45 DE-NRGs 
and 496 NR-lncRNAs. GO and KEGG enrich-
ment analysis demonstrated that these DE- 
NRGs were enriched in pathways correlated 
with cell apoptosis, necroptosis, and TNF sig-
naling. Moreover, the enriched biologic pro-
cesses included binding to ubiquitin ligase, pro-
grammed cell death, and necroptotic cell death 
(Figure 2C, 2D).

Construction and verification of the necropto-
sis-associated risk signature

A total of 152 individuals with ESCA were ran-
domly classified into two categories (training 
and testing sets) with a ratio of 1:1. For the  
preliminary screening of prognostic NRGs and 
NR-lncRNAs, a univariate Cox analysis revealed 
34 candidates (4 NRGs and 30 NR-lncRNAs) 
(Figure 2E). Then the Lasso regression was uti-
lized, resulting in the identification of 13 candi-
dates that were incorporated for signature con-
struction (Figure 2F, 2G). The network figure 
revealing the correlation between prognostic 
NRGs, such as PANX1, SIRT1, STUB1, ATRX  
and NR-lncRNAs was developed to visualize  
the correlation better (Figure 2H). The men-
tioned formula evaluated the risk score for all 
the individuals under study: Risk score =  
Expr (ELFN1-AS1) × (0.0286) + Expr (PRRT3-
AS1) × (0.0315) + Expr (AL035461.2) × 
(0.1070) + Expr (AC012467.2) × (0.2458) + 
Expr (AC073896.4) × (0.0272) + Expr 
(AC006026.3) × (0.1054) + Expr (MEG3) × 
(-0.1582) + Expr (AC079949.2) × (0.0547) + 
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Figure 2. Identification of the differentially expressed NRGs and lncRNAs with prognostic value in patients with ESCA. A, B. Differential expression of NRGs and NR-
lncRNAs; C, D. GO and KEGG functional analysis of NRGs with differential expression; E. 34 genes preliminarily filtered by univariate Cox proportional hazard regres-
sion analysis; F, G. LASSO analysis selected ideal candidates and their coefficients for signature construction; H. Correlation network between NRGs and NR-lncRNAs 
(correlation coefficients > 0.3 and P < 0.001). The red ellipses depict prognostic NRGs, and the blue triangles depict lncRNAs. Positive and negative correlations are 
depicted by red and blue lines, respectively.
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Expr (AC087741.1) × (0.0678) + Expr (UBR5-
AS1) × (0.0729) + Expr (JPX) × (0.0109) + Expr 
(ATRX) × (0.0567) + Expr (STUB1) × (-0.0660).

Patients were then classified into two groups 
(high- and low-risk) as previously described. 
The risk scores of individuals in the training, 
testing, and entire sets are shown in Figure 
3A-C, respectively. Moreover, the survival sta-
tus of individuals in the above-mentioned three 
sets is depicted in Figure 3D-F, respectively. 
Figure 3G-I show the expression profiles of the 
NRGs and NR-lncRNAs in tumors with different 
risks. Notably, hazardous NR-lncRNAs such as 
ELFN1-AS1 were significantly upregulated in 
high-risk tumors, while the opposite was true 
for low-risk NRGs such as STUB1 (Figure 3G-I). 
The OS curves showed the high-risk patients to 
have poor prognoses in all three sets (Figure 
3J-L, P < 0.05). The above findings implied that 
the necroptosis-based molecular signature can 
significantly identify the risk and prognosis of 
ESCA patients.

Univariate Cox regression revealed that the risk 
score had a hazard ratio (HR) of 9.668 and a 
95% confidence interval (CI) of 3.360-27.818, 
in the training set. Furthermore, HR = 3.718 
and CI = 1.840-7.515 were recorded in the 
testing set, and HR = 4.893 and CI = 2.858-
8.376 in the entire set (P < 0.001). In multivari-
ate Cox regression, the HR in the training set 
was recorded to be 8.391 and CI = 2.657-
26.504 in the training set. HR = 3.959 and CI = 
1.729-9.062 were recorded in the testing set 
with HR = 4.436 and CI = 2.508-7.846 in the 
entire set (P < 0.001) (Figure 3M-R). The above 
findings implied that the risk score can be  
considered an independent prognostic factor 
effective for ESCA patients.

Assessment of the clinicopathologic relevance 
of the necroptosis-related risk signature

ROC was utilized to evaluate the true and false 
positive rates of the prognostic model in a time-
dependent manner. The results of the ROC 
were evaluated by the AUC of the ROC. The 
respective AUCs of the 1-, 2- and 3-year ROC in 
the training set were 0.753, 0.774, 0.703; 
whereas the corresponding values in the test-
ing set were 0.879, 0.665, 0.574, respectively, 
and in the entire set were 0.806, 0.743, 0.665, 
respectively (Figure 4A-C). Moreover, a nomo-
gram was developed, containing the gender, 

tumor stage, and risk score to anticipate the 1-, 
2-, and 3-year OS of individuals with ESCA 
(Figure 4D). Additionally, heatmaps were  
established to demonstrate the distribution  
of individuals with different clinicopathologic 
features in each group, to measure the clinico-
pathologic relevance of risk scores. A larger 
distribution of patients with stages 3-4 was 
noted in the high-risk group (P < 0.05) (Figure 
4E, 4F). The number of T2 patients was more in 
the low-risk group, while there were more T3 
ones in the high-risk group (P < 0.01) (Figure 
4E, 4G). Patients with N stage were also distrib-
uted differently between the two groups (P < 
0.05) (Figure 4E, 4H). The above findings dem-
onstrate that the necroptosis-associated signa-
ture correlated with the clinicopathologic fea-
tures of tumors to a certain extent. 

GSEA 

GSEA further investigated the enrichment or 
depletion of different biologic or functional  
features across high- and low-risk tumors. 
Pathways correlated with glutamate metabo-
lism, nitrogen metabolism, and PPAR signaling 
were enriched in high-risk tumors (Figure 5B). 
The digestive system and its developmental 
processes, as well as lipoproteins and their 
receptor signaling processes, were also signifi-
cantly enriched (Figure 5D). For low-risk tumors, 
enriched pathways were linked to cell growth 
and development, like focal adhesion and 
extracellular matrix (ECM) receptors. Moreover, 
skin development and differentiation pathways 
were also annotated (Figure 5A, 5C). The above 
analysis suggests that risk subgroups based on 
the necroptosis-associated signature may also 
differ significantly in functional phenotypes.

Characteristics of TIME

Immune infiltration analysis was carried out  
utilizing four algorithms (xCELL, MCPcounter, 
CIBERSORT, and ESTIMATE) and the infiltration 
level of different immune cells was quantified. 
CIBERSORT analysis revealed a greater propor-
tion of naïve B cells, CD4+ memory resting T 
cells, and regulatory T cells (Tregs) in high-risk 
tumors while resting NK cells and M0 macro-
phages were higher in the low-risk tumors 
(Figure 6A). The TIME was also characterized 
and scored by ESTIMATE, which demonstrated 
that the low-risk individuals had increased stro-
mal and ESTIMATE scores (Figure 6B). The 
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Figure 3. Construction, validation, and independent evaluation of the necroptosis-associated signature. (A-C) Patient risk scores, calculated by the prognostic sig-
nature in the training, testing, and entire sets; (D-F) Survival status of individuals in the aforementioned three sets; (G-I) Heatmaps depicting the expression of the 
two NRGs and 11 NR-lncRNAs in these three sets, respectively; (J-L) Survival differences between low- and high-risk individuals in the three sets, respectively; (M-R) 
Univariate and multivariate independence analyses of the necroptosis-associated signature in the training (M, N), testing (O, P), and entire (Q, R) sets. 
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Figure 4. Signature evaluation and clinical relevance analyses. A-C. The respective AUC values of the 1-, 2- and 3-year ROC in the training, testing, and entire sets; 
D. The nomogram that predicts the 1-, 3-, and 5-year OS by risk score, gender, and tumor stage; E. Distribution of individuals with various clinicopathologic features 
in two groups; F-H. Relevance of risk groups between clinical stage, T-stage, and N-stage, respectively.
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Figure 5. Gene set enrichment analysis. A, C. Enriched KEGG pathways and GO terms in low-risk tumors; B, D. Enriched KEGG pathways and GO terms in high-risk 
tumors.
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Figure 6. Tumor microenvironment characteristic analysis. A. Variation in the proportion of tumor-infiltrating immune cells determined by CIBERSORT across the two 
risk groups; B. TIME scores derived through ESTIMATE; C. Association of risk scores with the abundance of tumor-infiltrating immune cells; D. Association of expres-
sion of the prognostic genes with the abundance of tumor-infiltrating immune cells; E. Stemness correlation analysis. 



Necroptosis-related signature of esophageal cancer

5437	 Am J Transl Res 2023;15(8):5425-5445

xCELL algorithm analysis showed a positive  
correlation between risk scores and the infil-
trating abundance of immune cells, including 
common lymphoid progenitors, and plasma B 
cells (Figure 6C). A positive correlation with  
the proportion of infiltrating naïve B cells, CD4+ 
memory resting T cells, follicular helper T cells, 
and regulatory T cells was observed using  
the CIBERSORT algorithm (Cor > 0.2 & P < 
0.05) (Figure 6C). Moreover, a high proportion 
of tumor-infiltrating Tregs and CD4+ memory 
resting T cells also indicated poor prognosis 
(Figure S1). A negative correlation was observed 
between the risk scores and the infiltration of 
activated myeloid dendritic cells, myeloid den-
dritic cells, monocytes, CD4+ Th1 cells, cancer-
related fibroblasts and M0 macrophages (Cor < 
-0.2) (all P < 0.05) (Figure 6C). The above find-
ings demonstrate that there were considerable 
variations in the TIME of tumors with different 
risks.

Additionally, this research also aimed at the 
identification of NRGs or NR-lncRNAs closely 
linked to tumor-infiltrating immune cells. Among 
the signature NRGs and NR-lncRNAs, it was 
found that STUB1, ELFN1-AS1, AC012467.2, 
and AC006026.3 are closely linked to the 
tumor-infiltrating immune cells (Figure 6D). A 
positive correlation was found between tumor-
infiltrating CD4+ memory resting T cells, naïve B 
cells, and AC012467.2 expression; naïve B 
cells and AC006026.3 expression; activated 
dendritic cells and AC079949.2 expression; 
neutrophils, naïve B cells and the expression of 
ELFN1-AS1. However, a negative correlation 
was observed between M0 macrophages and 
AC006026.3 expression, resting mast cells, 
and PRRT3-AS1 expression, CD4+ memory rest-
ing T cells, and STUB1 expression (Figure 6D). 
Stemness scores were also positively linked to 
the risk scores, implying that the tumors in the 
high-risk category have more robust tumor-
associated stem cell properties (Figure 6E). 

Evaluation of immune function status and im-
munotherapy response

The research subsequently asked whether this 
signature affected anti-tumor immunity and 
immunotherapy responsiveness. The charac-
teristics of various immunomodulatory factors 
including immune checkpoint expression, TMB, 
and immune function scores were analyzed. 
Moreover, TIDE was utilized to predict the 

immunotherapy response of individuals. Ini- 
tially, ssGSEA was carried out, which illustrated 
that most immune functions differed between 
the two groups. Among these, the most signifi-
cant difference was harbored by the aDCs, 
APC-co-stimulation, DCs, iDCs, macrophages, 
and Th1-cells, suggesting these components to 
be functionally active in low-risk tumors (Figure 
7A). The expression assessment of immune 
checkpoints illustrated that several immune 
checkpoints including CD274 (PD-L1), CTLA4, 
CD276 (B7-H3), PDCD1LG2, and HAVCR2 had 
remarkably increased expression in the low-
risk group. At the same time, a substantially 
higher expression of TNFRSF14, LGALS9, 
TNFSF15, and HHLA2 was found in high-risk 
tumors (Figure 7B). Furthermore, the necropto-
sis-related risk score was negatively linked to 
the expression of most checkpoint molecules, 
such as PD-L1, CTLA4, and LAG3 (Figure S2). 

The mutational landscapes are shown in Figure 
7C, 7D, which revealed that the most frequently 
occurring somatic mutations in the low-risk cat-
egory were as follows: TP53 > TTN > FLG > 
CSMD3 > PCLO > MUC16 > MUC4 > KMT2D > 
ZNF804B > SYNE1 > FAT3 > CSMD1 (Figure 
7C). In contrast, the most frequently occurring 
somatic mutations in the high-risk category fol-
lowed the order: TP53 > TTN > DNAH5 > SYNE1 
> MUC16 > HMCN1 > LRP1B > EYS > FLG > 
CSMD3 > PCLO > RYR2 > SPTA1 > DYNC2H1 
(Figure 7D). A comparative analysis of the TMB 
implied that high-risk patients had a remark-
ably elevated TMB in comparison to those  
low-risk ones (P = 4.2e-06) (Figure 7E). 
Furthermore, a positive relationship was ob- 
served between the risk score and TMB (R = 
0.38, P = 1.6e-06) (Figure 7F). Patients with a 
high TMB showed poorer OS, while high-risk 
patients with an elevated TMB depicted a poor 
prognosis (Figure S1). 

Increased microsatellite instability (MSI) and 
T-cell dysfunction scores were also evaluated in 
low-risk patients (Figure 7G, 7H). However, no 
difference was observed in T-cell exclusion 
scores (Figure 7I). The TIDE score system pre-
dicts the potential development of immune 
escape or response to immunotherapy of 
tumors, which can be applied to assess the  
efficacy of immunotherapy. The results showed 
a lower TIDE score in the high-risk group, imply-
ing that high-risk individuals could gain more 
benefit from ICB immunotherapy (Figure 7J). 
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Studies also showed that individuals with ESCA 
depicting greater TMB tend to benefit more 
from immunotherapy, which is in line with the 
prediction of the TIDE score [22]. These find-
ings suggest that the signature can accurately 
differentiate the immune function of patients 
with different risks. Moreover, high-risk individ-
uals showed better responses to immuno- 
therapy. 

Assessment of chemotherapeutic sensitivity

Although the likelihood of the high-risk individu-
als benefiting from immunotherapy was high,  
it was crucial to investigate the potential of the 
signature in differentiating patients in terms of 
sensitivity to chemotherapeutic agents. This 
analysis showed a higher estimated IC50 of 
common chemotherapeutic drugs like Cisplatin, 
Docetaxel, Paclitaxel, Gemcitabine, Bosutinib, 
Erlotinib, Gefitinib, Lapatinib, Doxorubicin, Vi- 
norelbine, Vinblastine, and Elesclomol for high-
risk individuals (P < 0.01), suggesting an in- 
creased sensitivity of the low-risk individuals to 
these chemotherapeutic drugs and targeted 
drugs (Figure 8A-L). Targeted drugs showed  
the same propensity. Src/Ab1 dual inhibitor, 
Bosutinib, showed decreased IC50 in the low-
risk when compared to the high-risk group. A 
similar trend for EGFR inhibitors Erlotinib, 
Gefitinib, and Lapatinib was also found. Low-
risk patients also demonstrated greater sensi-
tivity to the copper carrier Elesclomol. Taken 
together, common chemotherapeutic and tar-
geted drugs were more effective for low-risk 
patients. Hence, this necroptosis-associated 
signature holds promise for providing more 
accurate advice on clinical medication regi-
mens for ESCA patients.

Discussion

As a novel anti-cancer strategy, immunothera-
py enhances anti-tumor immunity in the body, 
presenting broad application prospects in the 
treatment of ESCA. Recently, emerging ICB 
agents such as Tislelizumab and Sintilimab 
have shown remarkable therapeutic efficacy in 
treating advanced ESCA [3-5]. However, factors 
such as insufficient effector cells in the TIME 
and low response rate still limit the further 
application of immunotherapy [23]. Therefore, 
there is an urgent need to establish molecular 
markers to improve the survival of individuals 

with ESCA and to develop new therapeutic 
targets.

Several studies have documented the function 
of necroptosis in regulating tumorigenesis and 
progression and influencing the efficiency of 
immunotherapy and chemotherapy, so necrop-
tosis is considered a promising target in treat-
ing ESCA [7, 8, 10, 24, 25]. However, the prog-
nostic value and potential immunomodulatory 
functions of necroptosis-related molecules, 
especially the NR-lncRNAs, in ESCA have not 
been fully explored. Furthermore, reliable prog-
nostic models for ESCA based on necroptosis-
related molecules are still rare. Therefore, 
establishing a prognostic signature based on 
NRGs and NR-lncRNAs in ESCA to comprehen-
sively characterize the prognosis, TIME, and 
therapeutic sensitivity of ESCA patients is of 
great significance. 

In this study, a total of 34 necroptosis-related 
molecules with prognostic significance were 
identified. Among these, two NR-NRGs and 11 
NR-lncRNAs were further selected to establish 
a prognostic signature. This necroptosis-based 
molecular signature enabled risk stratification 
of ESCA patients, and high-risk individuals 
experienced a worse prognosis. Moreover, this 
signature was capable of representing the clini-
copathologic, tumor immunological, chemo-
therapeutic, and immunotherapy sensitivity 
characteristics of patients in different risk 
groups. This 13-molecule signature is antici-
pated to offer novel insight for the advance-
ment of precision medicine in ESCA.

It is noteworthy that certain members of the 13 
signature genes have been reported to affect 
prognosis and regulate biologic functions in 
tumors. STUB1, known as STIP homologous 
and U box-containing protein 1, possesses E3 
ligase activity and can bind to Hsp70, Hsp90, or 
other molecular chaperones, which crucially 
regulate protein folding, assembly, transport, 
and degradation, thus regulating the physiolog-
ic or pathologic processes in cells [26]. It was 
shown that STUB1-mediated proteasomal deg-
radation of METTL3 inhibited the metastasis of 
ESCA [27]. Consistently, this study identified it 
as a low-risk NRG. Unlike STUB1, ATRX (ATRX 
Chromatin Remodeler), a chromatin remodel-
ing protein whose mutations are associated 
with alpha thalassemia X-linked intellectual dis-
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Figure 7. Immune function status and immunotherapy response. A. Variance in immune function scores between the two risk groups; B. Differences in the expres-
sion of immune checkpoints; C. Somatic mutation landscape of low-risk tumors; D. Somatic mutation landscape of high-risk tumors; E. Comparative assessment of 
TMB; F. The positive relationship between risk scores and TMB; G-J. Comparative analyses of MSI, T cell dysfunction score, T cell exclusion score, and TIDE scores. 

Figure 8. Chemotherapeutic sensitivity assessment. High-risk patients possessed greater estimated IC50 to 12 kinds of drugs, in contrast to low-risk patients.
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ability (ATR-X) syndrome, was identified as a 
poor prognostic marker in this study. ATRX was 
found to be targeted by miR-1269a as a down-
stream gene and was linked to adverse out-
come among individuals with ESCA, further vali-
dating our findings [28]. Furthermore, one of 
the identified adversely prognostic NR-LncRNAs 
in this study, ELFN1-AS1, has been reported to 
act as a competing endogenous RNA that pro-
motes the proliferation, invasion, and migration 
of ESCA, achieved through the ELFN1-AS1/miR-
183-3p/GFPT1 pathway [29]. In this study, a 
favorable NR-lncRNA MEG3 was also identified, 
which has been reported to inhibit Treg differ-
entiation and immune escape in ESCA through 
mediation of the miR-149-3p/FOXP3 axis [30]. 
Downregulation of lncRNA MEG3 has been 
found to induce epithelial-to-mesenchymal 
transition (EMT), which subsequently promotes 
tumor progression and leads to poor prognosis 
in ESCA individuals [31]. Up-regulated lncRNA 
AC079949.2, which features in the cGMP-PKG 
signaling pathway, might be a poor prognostic 
factor in ESCA [32]. JPX was also reported to 
play a tumor-promoting role in ESCA, by inter-
acting with miR-516b-5p and VEGFA [33]. 
Although some of the signature lncRNAs have 
been reported to have cancer-promoting or 
suppressing roles in ESCA, there are still sev-
eral newly proposed prognostic NR-lncRNAs in 
this study and their functions require further 
exploration.

Immune infiltration analyses revealed an 
increased fraction of naïve B cells, Tregs, and 
CD4+ memory resting T cells, and a decreased 
fraction of resting NK cells and dendritic cells in 
high-risk tumors. Investigations conducted in 
the past have corroborated that naïve B cells 
and Tregs were strongly linked to unfavorable 
prognosis in ESCA [34, 35]. The prognostic 
model of gastric cancer also depicted that 
patients with poor prognoses had an elevated 
proportion of resting memory CD4+ T cells [36]. 
These cells were also associated with poor 
prognosis in melanoma and urothelial carcino-
ma [37]. The prognostic value of resting NK and 
dendritic cells in esophageal cancer has been 
documented [38, 39]. Moreover, M0 and M1 
macrophages were found increased dramati-
cally in ESCC tissues [40]. In our study, we also 
explored the association between tumor-infil-
trating immune cells and expression of NRGs. 
STUB1, AC006026.3, AC006026.3 and ELFN1. 

AS1 were both NRGs or NR-lncRNAs with prog-
nostic value and high relevance to the TIME in 
ESCA. This should be of value for further 
experiments.

To better explore the differential response to 
immunotherapy, we compared the somatic 
mutation status, immune checkpoint expres-
sion, and TIDE scores between groups. Although 
the high-risk group had lower PD-L1 expres-
sion, they had a higher TMB, which is emerging 
as an indicator to evaluate the prognostic out-
come in individuals with cancer and predict the 
efficacy of immunotherapy [41]. For advanced 
gastroesophageal adenocarcinoma, patients 
with TMB > 12 mut/Mb indicated a higher ben-
efit from the anti-PD-1 immunotherapy [42]. At 
the same time, it is noteworthy that one study 
indicated that the characteristics of TMB and 
PD-L1 expression had a certain degree of tem-
poral and spatial heterogeneity in gastroesoph-
ageal cancer, which is crucial when considering 
immunotherapy [43]. This may partly explain 
the lower PD-L1 expression in the high-risk 
group. Moreover, lower TIDE scores of high-risk 
patients also indicated a lower possibility of 
immune evasion. This observation further sug-
gests greater sensitivity of the high-risk group 
to immunotherapy, despite the worse pro- 
gnosis. 

Interestingly, the low-risk group showed a high-
er sensitivity to all 12 chemotherapeutic or tar-
geted agents. Anticancer chemotherapeutic 
drugs commonly used in clinical practice, in- 
cluding Cisplatin, Docetaxel, Gemcitabine, Pa- 
clitaxel, Doxorubicin, Vinorelbine, and Vin- 
blastine were more effective in treating low-risk 
tumors. Erlotinib, Gefitinib, and Lapatinib are 
targeted molecular drugs that have demon-
strated good therapeutic efficacy in gastric and 
esophageal tumors [44-46]. Bosutinib was pri-
marily used for leukemia but could significantly 
induce apoptosis of esophageal cancer cells in 
vitro [47]. Elesclomol, a copper ion binding 
agent, could induce oxidative stress and pro-
motes apoptosis of cancer cells [48]. The stem-
ness characteristics of tumors may partially 
explain the differences in chemosensitivity of 
tumors in different groups. Cancer stem cells 
(CSCs), also called tumor-initiating cells, regu-
late treatment resistance and recurrence of 
various cancers [49]. As expected, high-risk 
tumors presented higher stemness scores, 
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suggesting stronger CSC traits, accompanied 
by greater resistance to multiple chemothera-
peutic agents.

In summary, a prognostic signature for ESCA 
patients was developed based on two NRGs 
and 11 NR-lncRNAs. The signature accurately 
performed risk stratification of ESCA patients 
and showed good relevance to clinicopatholog-
ic factors. There was considerable variation in 
functional features, TIME landscapes, TMB, 
CSC characteristics, and therapeutic sensitivity 
between the high- and low-risk groups. 

This study had some limitations. First, this is a 
retrospective analysis solely based on bioinfor-
matics data, warranting in vivo or in vitro experi-
mental validation. Second, the prognostic role 
of these signature genes and lncRNAs requires 
further exploration through more prospective 
studies. Nevertheless, this signature and its 
involved molecules are expected to bring new 
insight into the discovery of novel therapeutic 
targets and precision medicine for ESCA.
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Figure S1. Survival curves of ESCA patients with different levels of Treg infiltration (A), CD4+ memory resting T cell 
infiltration (B), and TMB (C); (D) OS of patients was analyzed in combination with the risk group and TMB. 



Necroptosis-related signature of esophageal cancer

2	

Figure S2. Association of the risk score with the expression 
of immune checkpoints. A. CD274; B. CD276; C. CTLA4; D. 
PDCD1LG2; E. CD80; F. CD86; G. LAG3; H. ICOS; I. Correlation 
heat map shows the link between the immune checkpoints and 
risk scores.


