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Background: The prognostic value of necroptosis-related microRNAs (miRNAs), which are important
in tumorigenesis and development, remains unclear. Therefore, we aimed to screen prognostic necroptosis-
related miRNAs in esophageal cancer (EC).

Methods: Nine necroptosis-related miRNA expression profiles and associated clinical data of EC patients
were obtained from The Cancer Genome Atlas (TCGA) database. The relationships between necroptosis-
related miRNAs and overall survival (OS) were determined via Cox regression model analysis. Target
genes of the miRNAs were investigated in TargetScan, miRDB, and miRTarBase. The biological functions
of these genes were evaluated by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analyses. For the most significant correlation between miR-425-5p expression and the survival of
EC patients, the effect of miR-425-5p on necroptosis was explored in EC cells. The relationship between
targeted gene expression and immune infiltration was also analyzed and validated.

Results: Hsa-miR-425-5p, hsa-miR-500a-3p, hsa-miR-7-5p and hsa-miR-200a-5p were selected for
the construction of a prognostic signature based on their correlation with the survival of EC patients. EC
patients were divided into high- and low-risk groups according to the median value of the risk score. Patients
in the high-risk group tended to have higher death rates than those in the low-risk group (P<0.05). The risk
score was an independent prognostic indicator for the OS of EC patients [hazard ratio (HR) >1, P<0.05].
The prognostic model had good predictive efficiency. The genes targeted by necroptosis-related miRNAs
were significantly enriched in apoptosis etc. The inhibition of miR-425-5p promoted necroptosis in EC
cells by targeting branched chain amino acid transaminase 1 (BCATT). The expression level of BCAT1 was
significantly correlated with immune infiltration.

Conclusions: A necroptosis-related four-miRNA model was constructed successfully to predict the
potential value of the four miRNAs in the prognosis of EC, which can be conducive to promoting the
therapeutic effect on EC.
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Introduction

Esophageal cancer (EC) is a significant contributor to cancer-
related mortality on a global scale. According to global
cancer statistics released in 2022, EC ranks as the seventh
leading cause of cancer mortality and the eleventh most
prevalent cancer, with 445,129 deaths and 510,716 new
cases reported (1). The prognosis for advanced EC remains
poor, with a 5-year relative survival rate of only 5.2% (2).
Several risk factors have been identified for EC, including
gastroesophageal reflux disease, alcohol consumption,
smoking, obesity and body composition (3). Most patients
have advanced or metastasized disease at diagnosis (4).
Thus, it is crucial to develop innovative prognostic
prediction methods for EC patients to identify those at high
risk effectively.

Necroptosis, originally proposed in 2005, is a form of
programmed cell death with the characteristics of activation
of autophagy and necrotic cell death morphology (5).
Previous studies have shown that necroptosis has dual roles
in cancer development (6,7). A study has suggested the
suppressive role of necroptosis (8), whereas other studies
have reported that necroptosis may be a tumor promoter in
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tumor development (9,10). The influence of the expression
of necroptotic factors on cancer prognosis also varies
across different cancers. Low receptor interacting serine/
threonine-protein kinase (RIPK)-3 expression is correlated
with a poor prognosis in breast cancer patients (8) and
reduced overall survival (OS) and disease-free survival (DFS)
in colorectal cancer patients (11). However, in low-grade
gliomas, higher expression of RIPKI, RIPK3 and mixed
lineage kinase domain-like protein (MLKL) indicates a
poorer prognosis (12). A high level of pMLKL is markedly
correlated with poor prognosis in patients with esophageal
squamous cell carcinoma (ESCC) (13). Even so, the
understanding of the role of necroptosis in the prognosis of
EC is still limited and needs to be further clarified.

MicroRNAs (miRNAs), small endogenous noncoding
RNAs, play a key role in tumor progression. MiRNAs
can bind directly to target mRNAs and then regulate
gene expression at the post-translational level (14).
Overexpression of miRNA-96-5p reduces the expression
of the tumor suppressor gene forkhead box protein O3
(FOXO03) (15), which may play a tumor promoting role
in breast cancer. MiRNA-29b significantly inhibits tumor
growth and induces apoptotic cell death by inducing the
expression of the proapoptotic molecule bcl2-interacting
mediator of cell death (Bimz), cytochrome C release and
poly [ADP-ribose] polymerase (PARP) cleavage in prostate
cancer (16), which acts as a tumor suppressor. In EC,
miRNA-485-5p suppresses tumorigenesis by suppressing
the proliferation, migration, and invasion of EC cells (17),
whereas the overexpression of novel-miR-4885 (18) and
miR-3682-3p (19) can attenuate EC cell proliferation,
migration, and invasion. There are also several miRNAs
that can be used to predict the prognosis of EC patients,
such as miR-1972, miR-4274, miR-4701-3p, miR-6126 and
miR-1268a (20). However, little is known regarding the
relationship between necroptosis-related miRNAs and the
prognosis of EC patients.

In our study, we established and validated a prognostic
necroptosis-related miRNA signature of EC, in which the
miRNA expression profiles and corresponding clinical data
of EC patients were obtained from The Cancer Genome
Atlas (TCGA) database. Furthermore, we further explored
the target genes of the prognostic miRNAs and performed
functional enrichment analysis. Flow cytometry and real-
time polymerase chain reaction (PCR) were used to
detect the effects of miR-425-5p, the most significantly
correlated miRNA with the survival of EC patients, on
necroptosis in EC cells. We also explored the relationship
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between targeted gene expression and immune infiltration.
We present this article in accordance with the TRIPOD
reporting checklist (available at https://tcr.amegroups.com/
article/view/10.21037/tcr-24-1532/rc).

Methods
Data collection

We collected miRNA sequencing data from the TCGA
database, which included 196 samples (183 EC samples
and 13 non-cancer samples). The corresponding clinical
information was also downloaded. All the data from TCGA
are publicly available. By performing R language (version
4.1.1), the miR-seq transcriptomic data were normalized to
transcripts per kilobase million (TPM) values for further
analysis by using the Edge R package. The study was
conducted in accordance with the Declaration of Helsinki (as
revised in 2013).

Necroptosis-related miRNA definition

A total of thirteen necroptosis-related miRNAs were
obtained from a prior study (21), only nine of which exist in
the miRNA expression profile of the TCGA-EC database.
The expression matrix and correlation of differentially
expressed miRNAs in EC and normal tissues were analysed
by the “limma” package. The adj.P.vals (adjusted P values)
were obtained by using Benjamini Hochberg method
for multiple comparison correction to control the false

discovery rate (FDR).

Construction and verification of the prognostic necroptosis-
related miRNA signature

The “caret” package was utilized to separate the 183
EC patients randomly into training and testing groups
at a ratio of 2 to 1. The prognostic value of necroptosis-
related miRNAs was estimated by univariate Cox analysis
in the training cohort using the R “survival” package.
Least absolute shrinkage and selection operator (LASSO)
regression via the “glmnet” R package was used to establish
the prognostic model. Four survival-related miRNAs and
their coefficients (B) were subsequently acquired for further
study. The minimum criteria were used to determine the
penalty parameter A values. The EC patients were separated
into either a low- or high-risk subgroup based on the
median risk score. The formula for deriving the risk score
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was as follows: miRNA signature risk score = expression of
miRNAI x B1 + expression of miRNA2 x B2 +... expression
of miRNAn x pn. The “survminer” R package and the
“survivalROC” R package were used to analyse the survival
rate and the predictive efficacy between the two risk groups.
Moreover, univariate and multivariate Cox regression
analyses were utilized to explore whether the risk score of
our model has independent prognostic value.

Functional enrichment analysis

The target genes of the four miRNAs (hsa-miR-425-
5p, hsa-miR-500a-3p, hsa-miR-7-5p and hsa-miR-200a-
5p) were acquired from three databases (miRDB: http://
www.mirdb.org/, miRTarBase: http://mirtarbase.mbc.nctu.
edu.tw//, TargetScan: http://www.targetscan.org//). The
network interrelation of the common genes was charted
by Cytoscape_v3.9.1. The “clusterProfiler” package was
applied to perform Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses.
The adj.P.vals were obtained by using Benjamini Hochberg
method for multiple comparison correction to control

the FDR.

Cell culture

Human EC cells EC109 and EC9706 were purchased from
the Hunan Fenghui Biotechnology Co., Ltd. (Changsha,
China). RPMI 1640 medium was used to culture EC109
and EC9706, in which 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin supplied. The cells were placed
in a humidified incubator at 37 °C containing 5% CO,. The
medium was renewed every other day.

Flow cytometry

The cells were digested with trypsin and collected. The cells
were resuspended in binding buffer after being washed with
phosphate buffered solution (PBS). FITC-conjugated anti-
annexin V antibodies and 7-AAD (R&D Systems) were used
for cell staining. Flow cytometry analysis was performed by
using a FACSCalibur flow cytometer (Becton, Dickinson
and Company, New Jersey, USA).

RNA isolation and real-time PCR

A miRcute miRNA Isolation Kit (DP501, TIANGEN)
was used for the isolation of miRNAs. Following the
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instructions of the miDETECT A Track miRNA qRT-
PCR Starker Kit (C10712, RIB-BIO), all the miRNAs were
polyadenylated by poly(A) polymerase and converted into
c¢DNA. An RNA Fast 200 isolation kit (220010, Feijie) was
used for the extraction of total RNA, which was converted
to cDNA using ¢cDNA Reverse Transcription Premix
(11123, Yeasen). Real-time PCR was conducted with
qPCR SYBR Green Master Mix (11201, Yeasen). MiRNA
expression was normalized to U6, mRNA expression
was determined by normalization to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). All primers used were
obtained from Sangon Biotech (Shanghai, China).

Immune infiltration analysis

The gene set variation analysis (GSVA) enrichment analysis
was performed to estimate the differences in biological
pathways by using the “GSVA” R package. The single-
sample gene set enrichment analysis (ssGSEA) algorithm
was used to evaluate the fractions of 23 human immune
cell subsets in different branched chain amino acid
transaminase 1 (BCAT1) expression groups of EC, which
conducted by Spearman test. The expression of 33 critical
immune checkpoints retrieved from previous research was
compared in BCATI low- and high-expression group, which
conducted by Wilcoxon rank-sum test.

Immunobistochemistry (IHC)

IHC staining was performed with EC tissue microarray
(Outdo Biotechnology, Shanghai, China). We used a Biotin-
Streptavidin Horseradish Peroxidase (HRP) Detection
System (ZSGB-BIO, Beijing, China) to perform IHC
staining. Images were taken by a Leica SCN400 slide
scanner (Germany). The primary antibodies used for IHC
included BCAT'1 (Proteintech) and lymphocyte antigen
6G (Ly6G) (Invitrogen). The scoring method for BCAT'1
expression was as follows: ten random visual fields were
selected for each tissue slice, and semiquantitative scoring
was used for the estimation of tissue staining in each visual
tield. Positive cell rate integration method: if there were
no positive cells or the proportion of positive cells was less
than 10%, 0 points were counted; positive cells accounted
for 10% to 25%, 1 point was counted; positive cells
accounted for 26-50%, 2 points; positive cells accounted
for 51-75%, 3 points; positive cell ratio >75%, 4 points.
The dyeing intensity integration method was as follows: no
staining of cells, 0 points; light yellow color, 1 point; brown
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yellow color, 2 points; brown color, 3 points. The result
was determined by the product of the positive cell rate and
staining intensity: a product of 0 indicated negative (-), and
a product of 1-4 indicated weak positive (+); a product of
5-8 was recorded as positive (++); a product of 9-12 was
recorded as strongly positive (++). The number of Ly6G-
positive cells was analyzed by Image J.

Western blotting

Protein extraction was performed with radio
immunoprecipitation assay (RIPA) lysis buffer containing
protease and phosphatase inhibitors, and Bio-Rad protein
assay reagent (Bio-Rad) was used to estimate the protein
concentration. Cell extracts were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride
membranes (PVDEF, Millipore). Subsequently, the
membranes were blocked with 5% fat-free milk in TBST for
an hour to prevent non-specific binding and then incubated
with primary antibody overnight at 4 °C. Primary antibodies
used in Western blotting included BCAT'1 (Proteintech),
programmed cell death 1 ligand 1 (PD-L1) (Cell Signaling
"Technology) and GAPDH (Proteintech). The next day, the
membranes were cleaned and incubated with horseradish
peroxidase-conjugated secondary antibody for an hour at
room temperature (Proteintech). Chemiluminescent signals
were detected using electrochemiluminescence (Bio-Rad).

Statistical analysis

Data analysis was performed with R language version 4.1.1
or GraphPad Prism 9, and all experiments were repeated at
least 3 times. These results were presented as the mean =
standard deviation (SD). Student’s two-sided z-test was used
to evaluate the differences between the two groups. Survival
analysis between different risk groups was performed by
Kaplan-Meier curves with the log-rank test. Univariate and
multivariate Cox regression analyses were utilized to explore
the independent predictors of OS. Statistical significance
was considered as P<0.05.

Results

The flow chart of the construction and validation of data
collection and analysis in this study is shown in Figure 1.
A total of 183 EC patients in the TCGA database were
included in this work.
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Figure 1 Flow chart of the study. miRNA, microRNA; EC, esophageal cancer; TCGA, The Cancer Genome Atlas; LASSO, least absolute

shrinkage and selection operator.

Overview of nine necroptosis-related miRNAs

Thirteen necroptosis-related miRNAs were obtained from
a previous study, while only 9 of them owned miRNA
expression profiles in the TCGA-EC database. The
expression levels and distributions of these nine miRNAs
(hsa-miR-331-3p, hsa-miR-7-5p, hsa-miR-148a-3p, hsa-
miR-141-3p, hsa-miR-200a-5p, hsa-miR-425-5p, hsa-miR-
500a-3p, hsa-miR-16-5p, hsa-miR-223-3p) were depicted
in the heatmap (Figure 24). Among them, six necroptosis-
related miRNAs (hsa-miR-331-3p, P=0.002; hsa-miR-
7-5p, P=0.03; hsa-miR-148a-3p, P=0.002; hsa-miR-425-
5p, P=0.002; hsa-miR-16-5p, P<0.001; hsa-miR-223-3p,
P=0.01) were screened through differential expression

© AME Publishing Company.

analysis between normal and EC samples (11og,FC| >0 and
FDR <0.05). We also constructed the correlation network
for the nine necroptosis-related miRNAs as shown in
Figure 2B (red lines represent positive correlation; blue lines
represent negative correlation. The deeper the color was,
the stronger the relevance).

Establishment of a prognostic necroptosis-related miRNA
signature in the TCGA training cobort

The samples were split into two cohorts at a ratio of 2
(training cohort) to 1 (testing cohort) at random. The
results of univariate Cox regression analysis of these 9
necroptosis-related miRNAs in training cohort were shown
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Figure 2 Screening of the nine necroptosis-related miRNAs in the TCGA database. (A) Heatmap of the expression levels and distributions

of the nine necroptosis-related miRNAs in normal and esophageal cancer tissues (green: low expression; orange: high expression; N: normal;

T: tumor). (B) The correlation network of the nine miRNAs (red line: positive correlation; blue line: negative correlation. The depth of the
colour indicates the intensity of the correlation). TCGA, The Cancer Genome Atlas; miRNA, microRINA.

in Figure 34, from which we found that 6 of these miRINAs
were risk factors with hazard ratios (HRs) greater than 1
(hsa-miR-148a-3p, hsa-miR-16-5p, hsa-miR-223-3p, hsa-
miR-425-5p, hsa-miR-500a-3p, and hsa-miR-7-5p), while
the other 3 miRNAs (hsa-miR-141-3p, hsa-miR-200a-5p,
and hsa-miR-331-3p) correlated with the favorable survival
of EC patients, as indicated by HRs less than 1. LASSO
regression analysis was used to build the prognostic model
consisting of hsa-miR-425-5p, hsa-miR-500a-3p, hsa-miR-
7-5p and hsa-miR-200a-5p according to the minimum
criterion optimal A value (Figure 3B,3C). The following
formula was used to calculate the risk score: risk score =
expression of hsa-miR-425-5p x 0.672 + expression of hsa-
miR-500a-3p x 0.184 + expression of hsa-miR-7-5p x 0.130
- expression of hsa-miR-200a-5p x 0.432. The patients
in the training cohort were stratified into either high- or
low-risk subgroups according to the median risk score
(Figure 3D). Patients with high-risk scores had more deaths,
and the survival time was shorter than that of patients in
the low-risk group (Figure 3E). The Kaplan-Meier survival
curve indicated that patients in the high-risk group had
a lower OS than those in the low-risk group (P=0.02)
(Figure 3F). The subsequent time-dependent receiver
operating characteristic (ROC) analysis helped us to
evaluate the predictive efficacy of the prognostic model.
The area under the curve (AUC) reached 0.682 at 1 year,
0.670 at 2 years and 0.733 at 3 years (Figure 3G), which
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demonstrated that the necroptosis-related 4-miRNA risk
model could be used to robustly evaluate and predict the
survival of EC patients.

Validation of the prognostic risk model

To investigate the efficiency of the risk model constructed
above, we performed validation in the testing cohort.
According to the median value of risk scores calculated by
the same formula in the training cohort, the patients were
assigned into the high- and low-risk groups (Figure 4A4).
In the validation cohort, patients with high risk tended to
have higher death rates than the low-risk group (Figure 4B),
which was similar to the results in the training cohort. A
significant difference was observed in OS of the low- and
high-risk groups by Kaplan-Meier survival curve analysis
(P=0.04) (Figure 4C). ROC analysis displayed that the AUCs
of the 1-, 2-, and 3-year OS were 0.635, 0.701, and 0.622,
respectively, indicating that the risk model was reliable
(Figure 4D). Given that EC is a diverse entity, we evaluated
the performance of the model in stratified groups. The 183
EC patients were divided into two groups by histological
classification: adenocarcinoma (87 adenocarcinomas, 1
tubular adenocarcinoma, 1 mucinous adenocarcinoma) and
squamous cell carcinoma (88 squamous cell carcinoma,
1 basaloid squamous cell carcinoma, 5 squamous cell
carcinomas, keratinizing). The adenocarcinoma patients
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Figure 3 Construction of the necroptosis-related miRNA model in the TCGA training cohort. (A) Forest plots of the univariate Cox

regression analysis between the miRNAs and overall survival. (B,C) LASSO regression model of the miRNAs. (D) Distribution of the risk

scores in the training cohort. (E) Analysis of the survival status in the training cohort. (F) Kaplan-Meier analysis of the overall survival of

esophageal cancer patients in the high- and low-risk groups. (G) AUC of time-dependent ROC curves to evaluate the predictive efficiency.
CI, confidence interval; TCGA, The Cancer Genome Atlas; miRNA, microRINA; LASSO, least absolute shrinkage and selection operator;

AUC, area under the curve; ROC, receiver operating characteristic.
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Figure 4 Validation of the risk model in the TCGA testing cohort. (A) Analysis of risk scores in the validation cohort. (B) Distribution of

survival status in the validation cohort. (C) Kaplan-Meier survival curves in the high- and low-risk groups. (D) AUCs of time-dependent
ROC curves for the 1-, 2-, and 3-year OS in the validation cohort. AUC, area under the curve; TCGA, The Cancer Genome Atlas; ROC,

receiver operating characteristic; OS, overall survival.

were assigned into low- and high-risk groups respectively
according to the median risk score calculated by the
same formula (Figure S1A). The survival status, Kaplan-
Meier survival curve and ROC analysis were performed
similarly. The adenocarcinoma patients with high risk had
shorter survival time and lower OS than low risk group
(Figure S1B,S1C). The AUCs were 0.734, 0.723, and
0.773 at 1-, 2-, and 3-year respectively (Figure S1D). The
squamous cell carcinoma patients also were divided into
low- and high-risk groups (Figure S2A) and the same
analysis were also performed. However, there was no
significant difference in OS between the high- and low-
risk groups of patients with squamous cell carcinoma
(Figure S2B,S2C). The AUCs at 1-, 2-, 3-year were only
0.567, 0.646, and 0.524 respectively (Figure S2D). It turned
out that the risk model performed better in adenocarcinoma
rather than squamous cell carcinoma.

© AME Publishing Company.

Independent prognostic value of the miRNA signature
model

Subsequently, univariate and multivariate Cox regression
analyses were carried out to test the role of our risk score
in predicting the OS of EC patients. It was proven that
the risk score was an independent prognostic indicator for
the OS of EC patients in both the training cohort [P=0.02,
HR =1.642, 95% confidence interval (CI): 1.082-2.492]
and validation cohort (P<0.001, HR =1.652, 95% CI:
1.308-2.086) with univariate Cox regression analyses
(Figure 5A,5B). The risk score was still an independent
prognostic factor in both cohorts (training cohort: P=0.048,
HR =1.483, 95% CI: 0.826-2.665; validation cohort:
P<0.001, HR =1.884, 95% CI: 1.352-2.627), as confirmed
by multivariate Cox regression analyses (Figure 5C,5D).
In addition, the clinical characteristics and the expression

Transl Cancer Res 2025;14(2):949-965 | https://dx.doi.org/10.21037/tcr-24-1532


https://cdn.amegroups.cn/static/public/TCR-24-1532-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-1532-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-1532-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-1532-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-1532-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-1532-Supplementary.pdf

Translational Cancer Research, Vol 14, No 2 February 2025

A P value Hazard Ratio (95% Cl)
risk_score 0.02 1.642(1.082-2.492)
stage 0.003 4.598(1.688-12.524) +—=—
stage_ T 0.03 3.002(1.134-7.948) r=—i
stage_ M 0.02 4.629(1.315-16.286) r—s—
stage N 0.09 2.677(0.858-8.348) +=—i

0 4 8 12 16 20

Hazard ratio
C P value Hazard Ratio (95% CI)
risk_score 0.048 1.483(0.826-2.665) m
stage 0.70 1.312(0.327-5.257)
stage_T 0.18 2.427(0.669-8.809) re—i
stage_ M 0.055 5.621(0.961-32.872) —o————
0.38 1.872(0.462-7.579) T-.

0 10 20 30
Hazard ratio

stage_N

957

B
P value Hazard Ratio (95% CI)
risk_score <0.001 1.652(1.308-2.086) |4

stage 0.002 3.205(1.509-6.808) | +—=—"i

stage T 0.50 1.282(0.619-2.658) r=—
stage M 0.01 3.534(1.322-9.447) |[—=———i
stage_N 0.22

1.948(0.672-5.645) —=—

0 2 4 6 8 10
Hazard ratio

P value Hazard Ratio (95% CI
risk_score <0.001 1.884(1.352-2.627) |re~
stage 0.048 3.062(1.009-9.292)
stage_ T 0.27 0.567(0.206-1.561) re—i
stage_ M 0.32 1.898(0.534-6.743) r—s———i

1.252(0.368-4.258) +—o——r

stage_ N 0.72

Hazard ratio

Riskscore

I High
Low

NDNNNT
O
Q -
Im
<
EN

ggﬁd 2 Stage_N
Sex NO-N1
o MN2-N3

Stage_M
-2

hsa-miR-500a-3p [} mg

L T1-T2

hsa-miR-200a-5p

Sex
Male

hsa-miR-425-5p H Female

hsa-miR-7-5p
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Univariate (B) and multivariate (D) Cox analyses in the validation cohort. (E) Heatmap of the four necroptosis-related miRNAs and clinical

features in the high- and low-risk groups. CI, confidence interval; miRNAs, microRNAs.

of the four necroptosis-related miRNAs in the high- and
low-risk groups of the training and validation cohorts were
analysed in the heatmap, which revealed that there was no
large difference in the clinical features between the high-
and low-risk groups, but the expression of hsa-miR-500a-
3p, hsa-miR-425-5p, and hsa-miR-7-5p was higher in the
patients with high risk (Figure SE).

© AME Publishing Company.

Analysis of miRNA-target genes

From three databases (miRDB, miRTarBase and
TargetScan), we collected data on the target genes of the
four necroptosis-related miRNAs. After that, 165 target
genes of the four necroptosis-related miRNAs were
identified, as shown in the Venn diagram (Figure 6A).
The association between miRNAs and target genes was
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further explored with Cytoscape 3.9.1. The network of four
necroptosis-related miRNA-target gene interactions was
shown in Figure 6B.

Next, we performed underlying biological function and
pathway analyses of these target genes on the basis of GO
enrichment and KEGG pathway analysis. The results in
the bar plot (Figure 74) displayed the biological process
(BP), cellular component (CC), and molecular function
(MF) terms of the target genes. It was demonstrated that
the target genes were significantly enriched in BP related to
cellular response and metabolic process; they were mainly
enriched in intracellular organelle, nucleus and cytoplasmic
part for CC item, while protein binding, organic cyclic
compound binding and heterocyclic compound binding for
MEF item. The dot plot of Figure 7B with KEGG analysis
indicated that the associated pathways were the mitogen-
activated protein kinase (MAPK) signaling pathway, the
Ras signaling pathway, apoptosis, cellular senescence, PD-
L1 expression and programmed cell death protein 1 (PD-1)
checkpoint pathway in cancer, etc.

© AME Publishing Company.

Effects of miR-425-5p on necroptosis and target genes in
EC cell lines in vitro

The results shown above indicated that the four
necroptosis-related miRNA model was fairly robust, in
which the correlation of miR-425-5p with survival of EC
patients was the most striking (P=0.01). The EC cell lines
EC109 and EC9706 were then treated with NC inhibitor
or miR-425-5p inhibitor to explore the effects of miR-
425-5p on necroptosis. Flow cytometry identified that the
ratio of necroptosis in the miR-425-5p inhibitor group
was significantly higher than that in the control group in
both two EC cell lines (necroptosis: left upper) (Figure 84).
The mRNA expression levels of four necroptotic markers,
including FADD (fas-associated via death domain), RIPK1
(receptor interacting serine/threonine-protein kinase 1),
RIPK3 (receptor interacting serine/threonine-protein kinase
3), and MLKL (mixed lineage kinase domain-like protein),
were elevated similarly when the expression of miR-425-
5p was inhibited (Figure §B). There were ten target genes
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for which miR-425-5p was in common with the other three
miRNAs. The box plots showed their expression levels
in tumor and normal tissue in gene expression profiling
interactive analysis (GEPIA) database, in which the
expression levels of BCAT1, CRLSI (cardiolipin synthase
1), LCOR (ligand dependent nuclear receptor corepressor),
PAK2 [P21 (RACI1) activated kinase 2] were significantly
different between the tumor and normal groups (Figure
S3). Then the mRNA expression levels of the target genes
PAK2, LCOR, CRLSI, and BCAT1 of miR-425-5p were
detected to further determine the effector of miR-425-5p.
The results of real-time PCR revealed that the inhibition of
miR-425-5p significantly decreased the expression of BCAT1
in both EC109 and EC9706 cells (Figure 8C). Taken together,
these findings indicated that the inhibition of miR-425-5p
promoted necroptosis in EC cells by targeting BCAT1.

BCAT1 was correlated with immune infiltration

Considering that PD-L1 expression and PD-1 checkpoint
pathway in cancer were associated with target genes, we
explored the correlation between immune infiltration and
BCATT expression in EC. The GSVA enrichment analysis
displayed that melanogenesis, hedgehog signaling pathway,
basal cell carcinoma, glycosaminoglycan biosynthesis
chondroitin sulfate, glycosaminoglycan biosynthesis

© AME Publishing Company.

heparan sulfate, extracellular matrix (ECM) receptor
interaction, focal adhesion, transforming growth factor-p
(TGF-B) signaling pathway, melanoma, pathways in cancer,
and regulation of actin cytoskeleton were significantly
enriched in BCATI high-expression group (Figure 9A).
Moreover, we found that the enrichment scores of natural
killer (NK) CD56"™ cells, monocyte cells, neutrophil cells,
and Th17 cells were lower in BCATI high-expression
group by performing ssGSEA algorithm (Figure 9B). As
shown in Figure 9C, the immune checkpoints CD276,
TNFRSF18, CD274, CD44, and CD40 were more highly
expressed in BCAT1 high-expression group. Subsequently,
we validated the immune infiltration results through
experiments. Immunohistochemistry displayed that Ly6G+
cells (monocyte cells and neutrophil cells) were almost
undetectable when BCAT1 expression was high in EC
tissues (Figure 9D). BCAT1 expression was reduced by the
BCAT1I inhibitor EGR240 in EC9706 cells. The results of
real-time PCR and western blotting revealed that CD274
expression was significantly decreased when the expression
of BCATI was inhibited (Figure 9E,9F).

Discussion

A few studies on necroptosis in EC have been reported.
The necrosome complex RIPKI and RIPK3 induce the
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Figure 8 Effects of miR-425-5p on necroptosis and downstream target genes in EC cell lines in vitro. (A) Flow cytometry of EC109 and
EC9706 cell lines treated with NC inhibitor or miR-425-5p inhibitor (necroptosis: left upper). (B) The expression levels of four necroptotic
markers were detected by real-time PCR. (C) The expression levels of four target genes of miR-425-5p were assessed by real-time PCR.
*, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant. NC, negative control; FADD, fas associated via death domain; RIPKI, receptor
interacting serine/threonine-protein kinase 1; RIPK3, receptor interacting serine/threonine-protein kinase 3; MLKL, mixed lineage kinase
domain-like protein; PAK2, P21 (RACI) activated kinase 2; LCOR, ligand dependent nuclear receptor corepressor; CRLSI, cardiolipin

synthase 1; BCAT1, branched chain amino acid transaminase 1; EC, esophageal cancer; PCR, polymerase chain reaction.

phosphorylation of MLKL to promote necroptosis (22). In our study, 13 necroptosis-related miRNAs were
RIPK3, the key regulator of necroptotic cell death, is obtained from a previous report (21), nine of which were
significantly downregulated in EC (23). RIPKI facilitates screened for further analysis with the corresponding miRINA
ESCC cell apoptosis via activation of the c-Jun NH2- expression profiles. Four necroptosis-related miRNAs
terminal kinase (JNK) pathway (24). A high status of (miR-425-5p, miR-500a-3p, miR-7-5p and miR-200a-
pMLKL in ESCC patients is significantly associated with 5p) were subsequently used to construct an independent
a worse prognosis and a lower therapeutic efficacy in post- prognostic model in EC. Our model was proven to have
neoadjuvant chemotherapy (NAC) resected specimens and great predictive performance by Kaplan-Meier survival,
pre-NAC biopsy specimens (13). However, the potential AUC, univariate Cox regression and multivariate Cox
value of necroptosis-related miRNAs in the prognosis of regression analyses. On the basis of our results, miR-425-
EC still needs to be elucidated. 5p, miR-500a-3p and miR-7-5p were highly expressed in
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the high-risk group of EC patients, while the expression of
miR-200a-5p was higher in the low-risk group with better
patient survival. MiR-500a-3p suppressed the membrane
translocation and phosphorylation of MLKL by binding
to the 3’UTR of MLKL (25). MiR-7-5p (miR-7) has been
reported to induce necroptosis in rhabdomyosarcoma (26).
MiR-200a-5p can regulate RIP3-dependent necroptosis
by targeting ring finger protein 11 (RNF11) (27). A study
reported that miR-425-5p can inhibit the expression of
RIPK1 by targeting the 3'UTR of RIPKI mRNA, which
results in the suppression of necroptosis (28). There is little
research on these four miRINAs in EC. It was reported that
the downregulation of miR-7-5p notably suppressed the
progression of EC (29). MiR-425-5p has a dual role in EC.
Zhidan et al. showed that the decreased expression of miR-
425-5p inhibited the progression of EC (30), whereas Li
et al. pointed out that miR-425-5p inhibition accelerated
the progression of EC (31). However, there are no relevant
reports on the role of miR-500a-3p and miR-200a-5p
in EC.

We also evaluated the performance of the model in
stratified groups considering that EC is a diverse entity.
It turned out that the risk model performed better in
adenocarcinoma than in squamous cell carcinoma. In
addition, we analyzed whether stage, stage_N, stage_M, or
stage_T" could be independent prognostic indicators for the
OS of EC patients in both the training cohort and validation
cohort by univariate and multivariate Cox regression
analyses. The results displayed that the stage (stage_M)
was an independent prognostic factor in univariate Cox
regression analyses, but not in multivariate Cox regression
analyses. Our miRINA signature may be especially predictive
for the adenocarcinoma patients in stage_M, which still
needs to expand the sample size for further exploration.
"This will help our prognostic model provide more accurate
services for different patient subgroups.

To further explore the molecular functions, we
investigated the target genes of these necroptosis-related
miRNAs. GO enrichment and KEGG analysis showed that
the functions of target genes are focused on the MAPK
signaling pathway, apoptosis and cellular senescence.
The MAPK pathway is closely related to cell death (32).
The activation of the MAPK signaling pathway has been
reported to induce necroptosis (33). RIPK1, the key effector
in necroptosis, promotes apoptosis in a time-delayed
manner (34). The expression of p16, p21, and p53, which are
markers of cellular senescence, decreases when necroptosis
is inhibited (35). These evidences provide a direction for

© AME Publishing Company.
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exploring the molecular mechanisms of necroptosis-related
miRNAs in EC. MiR-425-5p was the most significantly
correlated miRNA with survival of EC patients in our
necroptosis-associated miRNA model; thus, we further
detected the effect of miR-425-5p on necroptosis. Our
results showed that the ratio of necroptosis in the miR-425-
5p inhibitor group was significantly higher than that in the
negative control group, which was also proven by Zhidan
et al. (30). However, compared with them, our risk model
has a more complete testing and validation process and
contains three other miRNAs in addition to miR-425-5p,
which provides a solid and stable prognostic prediction
for EC patients. Furthermore, we found that the mRNA
expression levels of four necroptotic markers (FADD,
RIPKI, RIPK3 and MLKL) were elevated in the miR-425-5p
inhibitor group compared with those in the control group.
A previous study has reported that tumor necroptosis
is extremely important for enhancing immunogenicity
and vaccine efficacy, which may become a new method
for developing cancer vaccines (36). In an experimental
mouse model, antitumor immunity was induced through
vaccinating necroptotic cancer cells (37). MiRNAs have
been reported as biomarkers of cancer diagnosis and can
be used to predict drug efficacy and patient prognosis in
various cancer types (38). Lin e a/. reported that miR-
23a inhibition effectively augments the antitumor function
and cytotoxic potency of CD8" cytotoxic T lymphocytes
(CTLs) (39). In addition, our results revealed that the
target gene BCATI of miR-425-5p was significantly
correlated with immune infiltration. The inhibition of
BCAT1 significantly reduced CD274 expression. MiR-425-
5p inhibition may also play a role in antitumor immunity by
inducing necroptosis, which might be used to treat EC in
the future.

The expression levels of ten miR-425-5p target genes
were subsequently analyzed in the GEPIA database, from
which we filtered BCATI1, CRLS1, LCOR and PAK2 with
remarkably higher expression in esophageal carcinoma
tissues than in normal tissues. It can be speculated that
miR-425-5p may regulate the necroptosis of EC cells by
targeting BCATI in view of our results. Branched chain
amino transaminase 1 (BCATI), a key enzyme that catalyzes
the metabolism of branched chain amino acid, is highly
expressed in a wide variety of tumors. BCAT1 promotes
cell proliferation in melanoma (40) and hepatocellular
carcinoma and can be a prognostic predictor due to its
significant correlation with prognosis (41). The role of
BCATI in driving cell proliferation depends on its redox
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Figure 9 BCAT1 expression and immune infiltration analysis in EC. (A) The biological pathway between the low- and high-BCAT1
expression group by GSVA (red: activated pathways; blue: inhibited pathways). (B) Relationship between BCAT1 expression and immune
cell infileration. (C) Analysis of immune checkpoint expression in BCATI low- and high-expression group. (D) Representative images and
quantification of immunohistochemistry staining of BCAT1 and Ly6G in esophageal cancer tissue microarray (scale bar: 100 pm). (E,F) The
expression levels of BCATI and CD274 in EC9706 cells after EGR240 treatment were assayed by real-time PCR (E) and Western blotting
(F). *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant. BCAT1, branched-chain amino acid transaminase 1; EC, esophageal cancer;
PCR, polymerase chain reaction; GSVA, gene set variation analysis; BCAT1_exp, BCATI expression; KEGG, Kyoto Encyclopedia of Genes
and Genomes; ESCA, esophageal cancer; Ly6G, lymphocyte antigen 6G; PD-L1 (CD274), programmed cell death 1 ligand 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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function in maintaining mitotic fidelity (42). BCAT1
overexpression promotes cell proliferation and induces
c-Myc through the Wnt/B-catenin signaling pathway in
lung cancer cells (43). BCATI increases endometrial cancer
cell proliferation through activating the expression of pS6K,
a downstream target kinase of mMTORCI1 (44). Interestingly,
in our study, we found that BCATI is a target gene of
necroptosis-related miR-425-5p. The inhibition of miR-
425-5p decreased the expression of BCAT1 and promoted
necroptosis in EC cells. Although other mechanisms cannot
be excluded, we propose that miR-425-5p may activate
the Wnt/B-catenin and mTORCI pathways by increasing
BCATT expression, ultimately promoting cell proliferation
and decreasing necroptosis of EC cells.

In our work, we performed data analysis only in the
TCGA datasets because of the lack of miRINA expression
data with the corresponding clinical information in the
other datasets, which is a limitation of our study. Due to
the low frequency of TCGA dataset updates, there may
be potential biases in this study. Despite we have utilized
advanced analysis methods for machine deep learning to
improve the accuracy and reliability of data analysis, we still
need to continuously monitor data updates in the TCGA
and collect more new EC samples for further validation of
the risk model to eliminate potential biases. Furthermore,
our findings rely mainly on bioinformatics analysis and
still face the challenge of clinical translation. There are
significant individual differences among clinical patients,
which were influenced by a variety of factors, for instance,
patient age, underlying diseases, lifestyle, environmental
conditions and others. This makes it is extremely difficult
and complex to valid the risk model in real clinical
scenarios. In addition, we cannot have a definite estimate
of the application effect of the model, which still needs to
be confirmed by further large-scale and prospective clinical
trials.

Conclusions

In conclusion, we successfully constructed a novel
necroptosis-related miRNA signature to effectively predict
the prognosis of EC patients, which can provide therapeutic
targets for EC in the future.
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