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Abstract. Nucleotide binding and oligomeric domain‑like 
receptor X1 (NLRX1), a member of the NLR family, is 
associated with the physiological and pathological processes 
of inflammation, autophagy, immunity, metabolism and 
mitochondrial regulation, and has been demonstrated to have 
pro‑ or antitumor effects in various tumor types. However, the 
biological function of NLRX1 in esophageal squamous cell 
carcinoma (ESCC) has remained elusive. In the present study, 
by using bioinformatics methods, the differential expression of 
NLRX1 at the mRNA level was examined. Overall survival, 
clinical correlation, receiver operating characteristic curve, 
Cox regression, co‑expression, enrichment, immune infiltration 
and drug sensitivity analyses were carried out. A nomogram 
and a calibration curve were constructed. Changes in protein 
expression levels were investigated by immunohistochemistry 
and western blotting. The impact of NLRX1 on i) cell prolifera‑
tion was evaluated by Cell Counting Kit‑8 assays; ii) migration 
was examined by wound‑healing assays; iii) migration and 
invasion were evaluated by Transwell assays; and iv) apoptosis 
was assessed by Annexin V/PI staining and flow cytometry. 
The results revealed that, compared to normal adjacent tissue, 
NLRX1 was lowly expressed in ESCC, and patients with low 
NLRX1 expression had a shorter survival time. NLRX1 was 
an independent prognostic factor for ESCC and was associated 

with tumor grading. Patients in the low‑NLRX1 group showed 
a decrease in the infiltration of activated natural killer cells, 
monocytes and M0 macrophages, and these immune‑cell 
infiltration levels were positively correlated with NLRX1 
expression. Knocking down NLRX1 promoted the prolif‑
eration of KYSE450 cells, while overexpression of NLRX1 
inhibited the proliferation of ECA109 cells. NLRX1 negatively 
regulated the PI3K/AKT signaling pathway in ESCC. These 
findings indicate that, through several mechanisms, NLRX1 
suppresses tumor growth in ESCC, which offers new insight 
for investigating the causes and progression of ESCC, as well 
as for identifying more efficient therapeutic approaches.

Introduction

Esophageal cancer (EC) is the 10th most prevalent 
malignancy worldwide and the seventh leading cause of 
cancer‑associated mortalities. According to statistics, in 
2020, there were 604,100 new cases of and 544,076 deaths 
from esophageal cancer worldwide (1). The most prevalent 
histological form of EC, squamous cell carcinoma (SCC), 
accounts for ~85% of all cases globally (2). Despite the 
advances in medical technology, the prognosis for patients 
with esophageal SCC (ESCC) remains unsatisfactory (3). 
Understanding the molecules involved in the development of 
ESCC may lead to new insight for developing methods of 
improving patient prognosis.

During the last 20 years, 22 human and 34 mouse members 
of the nucleotide binding and oligomeric domain‑like receptor 
(NLR) family have been identified (4). The sole NLR member 
found in mitochondria is NLRX1, a member of the NLRC 
subfamily. It is involved in immune, inflammatory, autophagic, 
mitochondrial regulatory and metabolic processes (5). In addi‑
tion, NLRX1 is associated with the initiation and progression 
of cancer (6‑9). In an azomethane (AOM)‑induced colorectal 
cancer model, as well as in estrogen receptor (ER)/progesterone 
receptor (PR)‑ breast cancer and in human papilloma‑
virus‑induced head and neck SCC, it has been reported that 
NLRX1 can enhance tumor growth. NLRX1 can also slow 
down the growth of pancreatic cancer, ER/PR+ breast cancer, 
hepatocellular carcinoma, histiocyte sarcoma and a dextran 
sodium sulfate/AOM‑induced colitis model (6,7,10‑14). This 
suggests that NLRX1 can stimulate or repress tumor growth 
via as‑yet‑unidentified mechanisms. However, the association 
between NLRX1 and ESCC has so far remained elusive.
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The present study aimed to identify potential links between 
NLRX1 and ESCC. First, bioinformatics were used to examine 
NLRX1 expression, prognosis, potential biological activities, 
interaction with immune infiltration and treatment sensitivity 
in ESCC. Next, in vitro assays were performed to investigate 
the possible biological function of NLRX1 in ESCC. The 
present findings imply that NLRX1 may be a crucial tumor 
suppressor in ESCC.

Materials and methods

Data and patient specimen collection. From the Gene 
Expression Omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/), the ESCC gene expression datasets GSE20347, 
GSE23400, GSE53625, GSE67269 and GSE161533) were 
downloaded (15‑18). Furthermore, information on the gene 
expression and survival of 95 patients with ESCC was gathered 
from The Cancer Genome Atlas (TCGA; https://cancerge‑
nome.nih.gov/). R v4.2.1 software was used for analysis in the 
current  study (19,20). All transcriptome data underwent the 
necessary preprocessing before statistical analysis, including 
averaging multiple expression values of the same gene in each 
dataset, followed by logarithmic transformation and normal‑
ization of the dataset using the R package ‘limma’ (21).

Furthermore, paraffin blocks of cancerous and healthy 
tissues adjacent to the tumor were collected from patients 
with ESCC who visited The Second Affiliated Hospital of 
Zhengzhou University (Zhengzhou, China) between January 
2022 and March 2023. The inclusion criteria were as follows: 
All patients had ESCC, were aged 18‑75 years, all surgical 
specimens had been taken before any neo‑adjuvant anti‑tumor 
treatment and all patients had corresponding informed 
consent. Exclusion criteria were the presence of other malig‑
nant tumors, psychological abnormalities or contraindications 
to anti‑tumor treatment.

Cell lines and culture. ECA109 and KYSE450 cells were 
obtained from the American Type Culture Collection, while 
KYSE150 cells were purchased from Shanghai Zhongqiao 
Xinzhou Biotechnology Co., Ltd. The culture medium 
used contained 89% RPMI 1640 medium (cat. no. ZQ0449; 
Zhongqiao Xinzhou Biotechnology Co., Ltd.), 10% fetal 
bovine serum (cat. no. 04‑001‑1ACS; Biological Industries), 
1% 100 IU/ml penicillin and 100 g/ml streptomycin 
(cat. no. CSP006; Zhongqiao Xinzhou Biotechnology 
Co., Ltd.). Cells were cultured at 37˚C and 5% CO2 
saturated humidity.

Expression and clinical correlation analysis of NLRX1. First, 
the ‘limma’ package was used to perform differential analysis 
on the transcriptome data of the datasets. Next, patients with 
ESCC in the GSE53625 and the TCGA dataset containing 
clinical data were divided into two groups using the median 
expression value of NLRX1: GSE53625 high: n=89, low: 
n=90; and TCGA high: n=47, low: n=48. Subsequently, 
Kaplan‑Meier survival analysis was performed on them.

The GSE53625 dataset, which had the largest sample 
size, was used for subsequent analysis using the Wilcoxon 
signed‑rank or χ2 tests to analyze the relationship between 
NLRX1 and clinical reference data. Subsequently, a receiver 

operating characteristic (ROC) curve was plotted to evaluate 
the diagnostic value of NLRX1, and Cox regression analysis 
was used to help judge the prognostic value of NLRX1. Finally, 
the ‘survival’ package was used for regression analysis. A 
nomogram was constructed and a calibration curve was drawn 
to verify its reliability.

Enrichment and variation analysis. First, based on the 
transcriptome data of the GSE53625 dataset, the correla‑
tion between NLRX1 and the expression of other genes was 
analyzed, and genes highly correlated with NLRX1 were iden‑
tified with |correlation coefficient|>0.5 and P<0.05 as selection 
criteria. Next, Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG)‑enrichment analyses were 
performed on these genes, while Gene Set Enrichment Analysis 
(GSEA) and Gene Set Variation Analysis (GSVA) were used to 
explore the pathways enriched in the low expression group of 
NLRX1 in GSE53625. This step utilized the ‘clusterProfiler’, 
‘GSEABase’ and ‘GSVA’ packages.

Immune and drug correlation analysis. Based on the data from 
GSE53625, patients were divided into high and low groups 
according to the median expression value of the NLRX1, 
and immune‑related functional analysis was performed 
using the ‘GSEABase’ and ‘GSVA’ packages (22,23). Next, 
the ‘Corrplot’ package was used for immune checkpoint 
correlation analysis, while the ‘CIBERSORT’ package was 
used to analyze the degree of immune infiltration in samples 
and screen out meaningful samples for differential analysis 
and correlation testing. Finally, from the Genomics of Drug 
Sensitivity in Cancer website (https://www.cancerrxgene.
org/), drug information was downloaded and differences in 
drug sensitivity between patients with high and low expression 
of NLRX1 were analyzed.

Immunohistochemical staining. Immunohistochemical 
staining was performed as previously described (24). In 
brief, paraffin‑embedded tissues were dewaxed, hydrated and 
subjected to antigen retrieval and blocking of endogenous 
peroxidase prior to incubation with anti‑NLRX1 antibody 
(1:200 dilution; cat. no. ab107611; Abcam) at room temperature 
for 30 min. Next, a conjugated secondary antibody was added 
(1:100 dilution; cat. no. SA00001‑2; Proteintech Group, Inc.) 
and incubated at room temperature for 30 min, followed by 
staining with DAB, hematoxylin and alkaline bluing solution. 
Next, a neutral resin was applied for sealing after dehydration 
before observing the slides under an optical microscope at 
x200 magnification and acquiring images.

A semi‑quantitative scoring technique based on the 
percentage of positive cells and staining intensity was 
used to grade the immunohistochemical staining results as 
follows: 0, negative staining; 1, pale yellow (weak); 2, yellow 
(moderate); and 3, brown (strong). The positivity score was 
assigned as 0 for <5% positive cells; 1 for 6‑25% positive 
cells; 2 for 26‑50% positive cells; 3 for 51‑75% positive 
cells; and 4 for >75% positive cells. The two aforementioned 
scores were then multiplied and 0 was considered to indi‑
cate negative expression, <5 low expression and ≥5 high 
expression. Two pathologists independently evaluated the 
immunohistochemical staining.
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Cell transfection and plasmid extraction. The plasmids 
(pcDNA3.1‑NLRX1) and small interfering RNAs (siRNAs) 
used in the present study were produced by TsingKe 
Biological Technology and plasmid extraction was carried 
out in line with the instructions provided by the manufacturer 
of FastPure EndoFree Plasmid Mini Kit (cat. no. DC203‑01; 
Vazyme Biotech Co., Ltd.). Approximately 4x105 KYSE450 
cells or 3x105 EAC109 cells were seeded into 6‑well plates 
and transfection was performed the following day when the 
cell density reached 70‑80%. Transfection was carried out 
according to the manufacturer's instructions of Lipo8000 
transfection reagent (cat. no. C0533; Beyotime Institute of 
Biotechnology) and subsequent experiments were conducted 
within 48 h. The siRNA sequences were as follows: siNLRX1 
forward, 5'‑GGA CUA CUA CAA CGA UGA UTT‑3' and reverse, 
5'‑AUC AUC GUU GUA GUA GUC CTT‑3'; and negative control 
(NC) forward, 5'‑UUC UCC GAA CGU GUC ACG UTT‑3' and 
reverse, 5'‑ACG UGA CAC GUU CGG AGA ATT‑3'.

Western blot (WB) analysis. RIPA lysis buffer (cat. no. R0010; 
Solarbio Group, Inc.) was used to lyse cells, and protein was 
quantified using the BCA method. Total protein (20 µg of protein 
was added to each lane) was separated by 7.5% SDS‑PAGE 
prepared according to the instructions of the Epizyme PAGE 
Gel Express Preparation Kit (cat. no. PG111; Epizyme, Inc.; 
Ipsen Biopharmaceuticals, Inc.). The electrophoresis and PVDF 
membrane transfer times were adjusted according to the molecular 
weight of the proteins. A fastblocking solution (cat. no. G2052; 
Wuhan Servicebio Technology Co., Ltd.) was used to block the 
membrane at room temperature for 10 min, while an antibody 
diluent (cat. no. BMU103‑CN; Abbkine Scientific Co., Ltd.) was 
used to dilute the primary antibodies to an appropriate concen‑
tration prior to incubation at 4˚C overnight. Next, the membrane 
was incubated with a secondary antibody at room temperature 
for 2 h. The expression of proteins was then visualized by 
enhanced chemiluminescence agents (cat. no. BMU102‑CN; 
Abbkine Scientific Co., Ltd.). Anti‑NLRX1 (1:1,000 dilution; 
cat. no. ab107611; Abcam), anti‑PI3K/AKT signaling pathway 
panel (1:1,000; cat. no. ab283852; Abcam) and anti‑GAPDH 
(1:10,000; cat. no. 10494‑1‑AP; Proteintech Group, Inc.) 
were used as primary antibodies. The phosphorylation sites 
of phosphorylated (p)‑AKT were S472, S473 and S474, and 
anti‑GAPDH was used as a loading control for normalization. 
HRP‑conjugated Affinipure goat anti‑rabbit IgG (H+L) (1:2,000; 
cat. no. SA00001‑2; Proteintech Group, Inc.) was used as the 
secondary antibody. 

Cell proliferation assay. For the cell‑proliferation experiment, 
cells transfected on a 6‑well culture plate were collected and 
2,000 cells per well were added to a fresh 96‑well culture 
plate. When the cells had adhered to the wall after 6 h of 
incubation, 10 µl Cell Counting Kit‑8 (CCK‑8) reagent 
(cat. no. BMU106‑CN; Abbkine Scientific Co., Ltd.) was 
added. After 2 h, the optical density (OD) values at 450 nm 
were measured by a microplate reader (Thermo Fisher 
Scientific, Inc.) and considered as time=0 h. Next, the OD 
values at 450 nm were measured at 24, 48 and 72 h. 

Wound‑healing assay. At the back of a 6‑well culture plate, 
three horizontal lines were drawn in advance with a black pen, 

while three vertical lines were drawn on the 6‑well culture 
plate with a pipette tip at 48 h post‑transfection (cell conflu‑
ence rate reached >90%) (25). Cells were cultured in medium 
containing 2% serum (26) and the migration of cells at the 
intersection of the horizontal and vertical lines was recorded 
at 0, 24, 48 and 72 h. Results were calculated as Mobility 
(%)=(A0‑AN)/A0, where A0 represents the initial wound 
width and AN represents the remaining wound width at the 
metering point. 

Transwell assays. In the Transwell migration assay, cells 
were collected and resuspended in serum‑free medium and 
40,000 cells/200 µl were added to each upper chamber of a 
Transwell plate (8.0‑µm pore size; Corning, Inc.), while 600 µl 
complete medium was added to each lower chamber. After 
36 h, the cells were fixed at room temperature for 30 min with 
4% paraformaldehyde and then stained at room temperature 
for 10 min with crystal violet. After staining, the cells at the 
top of the pore filter were gently wiped off with a wet cotton 
swab. The number of migrated cells was observed under a 
microscope. For the invasion assay, the culture medium was 
replaced with serum‑free culture medium for starvation treat‑
ment 1 day in advance. Next, Matrigel® (cat. no. 356234; BD 
Biosciences) was diluted with serum‑free medium and 100 µl 
of this solution was added to each well. After incubation at 
37˚C for 1 h, any uncured diluent was aspirated and the next 
steps were the same as for the migration assay.

Apoptosis analysis. Approximately 1x105 KYSE450 cells or 
7.5x104 ECA109 cells into were inoculated in each well of 
a 24‑well plate. According to the instructions of the manu‑
facturer of the apoptosis kit (cat. no. KTA0002; Abbkine 
Scientific Co., Ltd.), a mixture was prepared at a ratio of apop‑
tosis inducer to complete culture medium of 1:3,000. After 
48 h of transfection, 1 ml mixture was added to KYSE450 
or ECA109 cells cultured in a 24‑well culture plate. After 
24 h of induction, Annexin V/PI staining reagent was added 
and the fluorescence emission of the sample on the slide was 
observed using a fluorescence microscope. Green fluorescence 
(Annexin V) represents cell membrane staining and red 
fluorescence [propidium iodide (PI)] represents cell nuclear 
staining. Cells exhibiting only green fluorescence represented 
early apoptotic cells, while cells exhibiting only red fluores‑
cence represented necrotic cells and cells exhibiting both 
red and green fluorescence represented late apoptotic cells. 
Furthermore, the cells treated with the above‑mentioned kit 
were prepared into a suspension and analyzed by flow cytom‑
etry (BeamCyte Flow Cytometer; Bidake Biotechnology Co., 
Ltd.), with 10,000 effective cells recorded each time to detect 
the apoptosis rate, and the software used was CytoSYS v1.0 
(Bidake Biotechnology Co., Ltd.).

Statistical analysis. SPSS 26.0 (IBM Corp.) was used for statis‑
tical analysis. Each experiment was performed as 3 repeats. 
Continuous variables were presented as the mean ± standard 
error of the mean. To determine the significance of the differ‑
ence between the two groups, an unpaired Student's t‑test, 
Fisher's exact test or χ2 test was employed as appropriate. If the 
variances within the groups were not homogenous, nonpara‑
metric Mann‑Whitney U or Wilcoxon signed‑rank tests 
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were used. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Expression of NLRX1 at the mRNA and protein levels. Data 
mining revealed that, in contrast to normal adjacent tissue, 

NLRX1 was expressed at lower mRNA levels in ESCC 
tissue (Fig. 1A). To determine whether there were changes 
in the expression of NLRX1 at the protein level in 36 pairs 
of cancerous and adjacent normal tissues [24 males and 
12 females; 11 patients aged <65 years and 25 patients aged 
≥65 years; median age, 68 years (range, 18‑75 years), immu‑
nohistochemistry was employed (Fig. 1B). The results showed 

Figure 1. Expression of NLRX1 at mRNA and protein levels. (A) Differences in mRNA expression of NLRX1 in six datasets. (B) Typical immunohistochem‑
istry images (scale bars, 50 µm). (C) Protein‑level expression of NLRX1 in esophageal squamous cell carcinoma cell lines KYSE450, KYSE150, and ECA109. 
*P<0.05, ***P<0.001. NLRX1, nucleotide binding and oligomeric domain‑like receptor X1.
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that NLRX1 protein expression was lower in cancer tissues 
(19 cases of low expression) than in adjacent normal tissues 
(10 cases of low expression), with a statistically significant 
difference (χ2=4.677, P=0.031, Table I). 

Among the KYSE450, KYSE150 and ECA109 cell lines, 
NLRX1 expression was higher in KYSE450 cells, while 
the expression level of NLRX1 in ECA109 cells was lower 
(P<0.05 vs. KYSE150; Fig. 1C). Therefore, in subsequent 
experiments, NLRX1 expression was knocked down in 
KYSE450 cells and overexpressed in ECA109 cells.

Clinical and prognostic value of NLRX1 in ESCC. Patients with 
low NLRX1 levels had shorter survival times in the GSE53625 
and TCGA datasets (Fig. 2A). An association between NLRX1 
and the pathological parameter of tumor grade was found 
in patients with ESCC (Fig. 2B). In the ROC curve, the area 
under the curve of NLRX1 expression was 0.933, indicating 
that NLRX1 has a good diagnostic value (Fig. 2C). Univariate 
and multivariate Cox regression analyses showed that NLRX1 
was an independent prognostic factor for OS with a hazard 
ratio of 0.726 [95% confidence interval (CI), 0.574‑0.919] and 
0.770 (95% CI, 0.596‑0.995), respectively (Fig. 2D). Next, a 
nomogram was created based on the NLRX1 expression and 
clinical data contained in the GSE53625 dataset as parameters 
to predict the prognosis of patients with ESCC. The calibration 
curves of OS showed good consistency between the predicted 
OS and the observed OS, indicating that the predicted results 
of the nomogram are in good agreement with the actual results 
(Fig. 2E).

Identification of relevant genes for NLRX1 and enrichment 
analysis. Based on co‑expression analysis, 181 genes were 
found to be highly correlated with NLRX1 (Table SI), and 
Circos plots were used to show the 6 genes that were most 
positively correlated with NLRX1 and the 5 genes that were 
most negatively correlated with NLRX1 (Fig. 3A). In the 
KEGG analysis, NLRX1‑related genes were mainly enriched 
in ‘phagosome’, ‘arachidonic acid metabolism’ and ‘endocy‑
tosis’, while in the GO analysis, they were mainly enriched 
in ‘skin development’, ‘cornified envelope’ and ‘structural 
constituent of skin epidermis’ (Fig. 3B). 

Next, the tumor samples of GSE53625 were divided into 
two groups according to the median expression value of 
NLRX1, and GSEA and GSVA were performed. The results 
showed that pathways/functional terms including ‘taste trans‑
duction’, ‘arrhythmogenic right ventricular cardiomyopathy’, 
‘melanoma’, ‘focal adhesion’, ‘small cell lung cancer’, ‘antigen 
processing and presentation’, ‘prostate cancer’, ‘stem cell 
differentiation’, ‘polymerase II specific DNA binding transcrip‑
tion factor binding’ and ‘histone binding’ were enriched in the 
NLRX1 low expression group (n=90) (P<0.05; Fig. 3C and D).

Immunological and drug sensitivity analysis. To inves‑
tigate whether NLRX1 is immune‑related in ESCC, an 
immune‑related functional analysis was first performed. 
The findings demonstrated that in 179 ESCC samples, the 
group with low NLRX1 expression (n=90) had lower scores 
for CC chemokine receptors (CCR), dendritic cells (DCs), 
plasma‑like dendritic cells (pDCs) and T‑cell co‑stimulation 
(Fig. 4A, P<0.05; Table SII contains definitions of the terms). 

Afterward, 85 meaningful samples (P<0.05) were analyzed 
using the ‘CIBERSORT’ package for immune infiltration 
analysis. According to the median expression value of NLRX1, 
they were divided into two groups. In the differential analysis 
and correlation testing, the degree of natural killer (NK) 
cells activated, monocytes and macrophages M0 infiltration 
decreased in the low NLRX1 group (n=43) and was highly 
positively correlated with NLRX1 expression (Fig. 4B and C). 
Immunological checkpoint analysis showed that TNFRSF25, 
TNFSF9, TMIGD2, CD244, TNFRSF18, HHLA2, PDCD1, 
TNFRSF4, CD40LG and CD86 were positively correlated 
with NLRX1, while ICOSLG, TNFSF15, CD80, CD276, 
BTLA, CD200R1 and CTLA4 were negatively correlated with 
NLRX1 (Fig. 4D, P<0.05). Drug sensitivity analysis revealed 
that the group with low NLRX1 expression was more resistant 
to 5‑fluorouracil and more sensitive to irinotecan (Fig. 4E).

Downregulation of NLRX1 expression promotes the growth 
and development of KYSE450 cells. In order to further explore 
the biological function of NLRX1 in ESCC, in vitro experi‑
ments were conducted. As confirmed by WB, the expression 
of NLRX1 was knocked down in KYSE450 cells (Fig. 5A). 
The results of the CCK8 assay showed that knockdown of 
NLRX1 significantly promoted the growth of KYSE450 cells 
(Fig. 5B, P<0.05). Furthermore, the scratch wound‑healing and 
Transwell assays showed that silencing NLRX1 expression 
significantly promoted the migration and invasion of KYSE450 
cells (Fig. 5C and D, P<0.05). The fluorescence microscopy 
and flow cytometry results of the apoptosis experiment also 
showed that knockdown of NLRX1 significantly reduced the 
apoptosis of KYSE450 cells (Fig. 5E, P<0.05).

Upregulation of NLRX1 expression inhibits the growth and 
development of ECA109 cells. In ECA109 cells, NLRX1 was 
overexpressed (Fig. 6A). According to our findings, upregu‑
lation of NLRX1 expression in ECA109 cells significantly 
inhibited cell growth, migration and invasion, and significantly 
increased apoptosis (Fig. 6B‑E, P<0.05).

NLRX1 regulates the PI3K/AKT signaling pathway in ESCC. 
To further explore the mechanism by which NLRX1 regulates 
the growth and development of ESCC, we experimentally 
analyzed the effects of NLRX1 on the PI3K/AKT pathway. 
According to the WB data, silencing NLRX1 in KYSE450 
significantly activated the PI3K/AKT pathway (Fig. 7A, 
P<0.05). By contrast, upregulation of NLRX1 in ECA109 

Table I. Expression of NLRX1 in esophageal squamous cell 
carcinoma and normal tissues.

 Cancer Normal  

Group  (n=36)  (n=36) χ2 P‑value

NLRX1   4.677 0.031
  Low  19 10  
  High  17 26  

NLRX1, nucleotide binding and oligomeric domain‑like receptor X1.
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Figure 2. Clinical and prognostic value of NLRX1 in esophageal squamous cell carcinoma. (A) OS analysis. (B) Association analysis between NLRX1 
and clinical pathological parameters. (C) ROC analysis. (D) Univariate and multivariate Cox regression analysis. Hazard ratios are presented with 95% CI. 
(E) Nomogram for OS prediction and calibration curves of the nomogram [Pr (futime) is the OS rate after the indicated years]. *P<0.05, **P<0.01, ***P<0.001. 
NLRX1, nucleotide binding and oligomeric domain‑like receptor X1; TCGA, The Cancer Genome Atlas; AUC, area under the ROC curve; ROC, receiver 
operating characteristic; OS, overall survival.
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Figure 3. Continued.
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significantly inhibited the activation of the PI3K/AKT pathway 
(Fig. 7B, P<0.05). 

Discussion

In the present study, it was confirmed that NLRX1 functions 
as a tumor suppressor in ESCC using bioinformatics analysis 
and experiments, and its potential biological activities and 
regulatory mechanisms were investigated. These findings 
suggest that NLRX1 is crucial for the emergence and progres‑
sion of ESCC.

Through data mining, it was found that NLRX1 is less 
expressed in ESCC at the mRNA level, and subsequently, the 
findings were validated at the protein level using immunohisto‑
chemistry experiments. The data from GSE53625 and TCGA 
both indicated that patients with low NLRX1 expression have 
poor prognosis. The prognostic significance of NLRX1 has also 
been confirmed in other cancer types. For instance, reduced 
expression of NLRX1 is associated with poor prognosis in 
cholangiocarcinoma and liver cancer (13,27,28). The clinical 
correlation analysis of GSE53625 with a larger data volume 
showed an association with tumor grading, ROC analysis 
demonstrated good diagnostic value, and Cox analysis also 
indicated that it is an independent prognostic factor for ESCC. 
These data indicate that NLRX1 has significant diagnostic and 
prognostic value in ESCC.

According to previous studies, NLRX1 is closely linked 
to both physiological and pathological immune, inflamma‑
tory, autophagic, mitochondrial and metabolic activities (5). 
To determine the function of NLRX1 in ESCC, a correlation 
analysis and enrichment analysis were conducted. Among 
the 11 genes highly correlated with NLRX1, the positively 
correlated GRHL3 was previously shown to inhibit tumor 

growth in ESCC (29,30), further strengthening our evidence 
of NLRX1's tumor suppressive function in ESCC. KEGG 
analysis suggested that genes highly correlated with NLRX1 
are mainly enriched in the phagosome, endocytosis, choline 
metabolism in cancer, porphyrin metabolism and lipid 
metabolism, which are crucial in the onset and progression 
of cancer (31‑34). GO analysis indicated that NLRX1‑related 
genes are associated with functions such as antifungal immu‑
nity. The phagocytosis performed by phagosomes is the core 
mechanism for inflammation and defense against infection 
factors, and there are multiple interaction points between 
phagosomes and endocytic pathways (35). In the present study, 
it was speculated that one possible pathway by which NLRX1 
affects immune function is by regulating phagocytic activity, 
which requires further research to confirm. Previous literature 
has reported that NLRX1 can regulate lipid metabolism, 
including pomegranate acid and docosahexaenoic acid (5), 
which is consistent with the results of the present study. The 
pathway analysis results of the GSEA and GSVA showed 
that multiple cancer‑related functional pathways, including 
melanoma, prostate cancer and small cell lung cancer, were 
enriched in the low expression group of NLRX1, indicating 
that NLRX1 deficiency has a certain role in the malignant 
development of ESCC. In recent years, there has been an 
increase in interest in the role of the tumor immunological 
microenvironment in the incidence and progression of malig‑
nancies. The innate immune response to viral infection is 
reportedly weakened by NLRX1 through several signaling 
pathways (5). However, it is unclear whether NLRX1 contrib‑
utes significantly to the immune system in ESCC. Analysis of 
immune‑related functions showed that in the low expression 
group of NLRX1, CCR, DCs, pDCs and T‑cell co‑stimulation 
scores were decreased, indicating that immune function 

Figure 3. Identification of relevant genes for NLRX1 and enrichment analysis. (A) Circos plot showing links between NLRX1 and 11 genes in esophageal squa‑
mous cell carcinoma. (B) GO and KEGG analysis of related genes. (C) Gene‑set enrichment analysis results for the low NLRX1 expression group. (D) Gene Set 
Variation Analysis results. NLRX1, nucleotide binding and oligomeric domain‑like receptor X1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; MF, molecular function; CC, cellular component; BP, biological process.
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Figure 4. Immunological and drug sensitivity analysis. (A) Boxplot indicating differences in NLRX1 expression among 28 immune‑related functions. 
(B) Violin plot showing differences in NLRX1 expression among 22 immune cell types. (C) Lollipop plot indicating the correlation between NLRX1 expres‑
sion and immune‑cell infiltration Definitions are provided in Table SII. (D) Correlation between NLRX1 and immune checkpoint‑related genes. The numbers 
are the correlations coefficients and the colours indicate whether and to what extent they are negative or positive. (E) The relationship between the sensitivity 
of four drugs and the expression of NLRX1. *P<0.05. NLRX1, nucleotide binding and oligomeric domain‑like receptor X1; Abs (cor), absolute value of the 
correlation coefficient.
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was suppressed in the low expression group of NLRX1. The 
differential analysis and correlation test of immune infiltration 
showed that NLRX1 was highly positively correlated with 
‘NK cells activated’, ‘Monocyte’ and ‘Macrophages M0’. ‘NK 
cells activated’ have a powerful anti‑tumor effect, ‘Monocyte’ 
appears to have both pro‑cancer and anti‑cancer effects, and 
‘Macrophages M0’, also known as immature macrophages, 

display a phagocytic function and identify pathogenic 
agents (36‑39). NLRX1 may affect the tumor immune micro‑
environment by regulating the activity of these immune cells, 
thereby affecting tumor occurrence and development. The 
present study also found a high correlation between NLRX1 
and immune checkpoint receptors. For instance, TNFRSF25 
and TNFSF9 are significantly positively correlated with 

Figure 5. Downregulation of NLRX1 expression promotes the growth and development of KYSE450 cells. (A) WB results demonstrate knockdown efficiency. 
(B) Determination of the effect of NLRX1 on the proliferation of KYSE450 cells through Cell Counting Kit‑8 assays. (C) Evaluation of the effect of NLRX1 
on KYSE450 cell migration using the scratch wound‑healing assay (scale bar, 100 µm). (D) Evaluation of the impact of NLRX1 on KYSE450 cell migration 
and invasion by the Transwell assay (scale bar, 100 µm). (E) Evaluation of the effect of NLRX1 on KYSE450‑cell apoptosis through fluorescence microscopy 
(scale bar, 50 µm; green fluorescence represents cell membrane staining and red fluorescence represents cell nuclear staining. Cells exhibiting only green 
fluorescence represent early apoptotic cells, while cells exhibiting only red fluorescence represented necrotic cells and cells exhibiting both red and green 
fluorescence represent late apoptotic cells) and flow cytometry. *P<0.05, **P<0.01, ***P<0.001. NLRX1, nucleotide binding and oligomeric domain‑like receptor 
X1; NC, negative control; siNLRX1, small interfering RNA targeting NLRX1; OD450, optical density at 450 nm; P‑AKT, phosphorylated AKT; PI, propidium 
iodide; WB, western blot.
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NLRX1. TNFRSF25, also known as death receptor 3, can 
promote inflammation and survival through different pathways 
and also mediate caspase‑dependent cell apoptosis. A study 
reported that the use of taurolidine can promote apoptosis in 
KYSE270 ESCC cells, which upregulates the expression of 
TNFRSF25 (40); therefore, it may be speculated that NLRX1 
inhibiting cell proliferation and increasing apoptosis may be 

related to the regulation of immune checkpoint‑related genes, 
including TNFRSF25, which needs further confirmation. It 
is a co‑stimulatory molecule of T cells and innate lymphoid 
cell (41). Considering that the low expression group of NLRX1 
had lower T‑cell co‑stimulation scores, NLRX1 may affect its 
function by affecting the expression of TNFRSF25. Another 
example is TNFRSF9, which can mediate anti‑tumor and 

Figure 6. Upregulation of NLRX1 expression inhibits the growth and development of EC109 cells. (A) WB results demonstrate overexpression efficiency. 
(B) Determination of the effect of NLRX1 on the proliferation of ECA109 cells through Cell Counting Kit‑8 assays. (C) Evaluation of the effect of NLRX1 
on ECA109 cell migration using the scratch wound‑healing assay (scale bar, 100 µm). (D) Evaluation of the impact of NLRX1 on ECA109 cell migration 
and invasion by the Transwell assay (scale bar, 100 µm). (E) Evaluation of the effect of NLRX1 on ECA109‑cell apoptosis through fluorescence microscopy 
(scale bar, 50 µm; green fluorescence represents cell membrane staining and red fluorescence represents cell nuclear staining. Cells exhibiting only green 
fluorescence represent early apoptotic cells, while cells exhibiting only red fluorescence represented necrotic cells and cells exhibiting both red and green 
fluorescence represent late apoptotic cells) and flow cytometry. *P<0.05, **P<0.01, ***P<0.001. NLRX1, nucleotide binding and oligomeric domain‑like receptor 
X1; OE, overexpression; OD450, optical density at 450 nm; PI, propidium iodide; WB, western blot.
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tumor‑promoting signals in immune cells. Its dual function 
has also been observed in different solid tumor cells; however, 
previous studies have not yet included ESCC (42). NLRX1 
may also exert its antitumor effect by affecting its expression. 
In conclusion, the relationship between NLRX1 and immunity 
of tumor patients requires further study. In addition, the rela‑
tionship between NLRX1 and commonly used chemotherapy 
drugs for ESCC treatment in clinical practice was analyzed. 
The low NLRX1 group was more sensitive to irinotecan, indi‑
cating that ESCC with low expression of NLRX1 may achieve 
better efficacy when combined with irinotecan and other 
drugs. Patients with ESCC with low NLRX1 expression may 
obtain a better curative effect by using the treatment scheme 
combined with irinotecan. In summary, the present results 
strongly demonstrate the potential of NLRX1 as an anti‑tumor 
therapeutic target.

NLRX1 has a role in promoting or inhibiting cancer in 
different solid tumors. NLRX1 is expressed more strongly 
in triple‑negative breast cancer cells and metastatic breast 
cancers than it is in ER/PR+ breast cancer cells. In HeLa 
human cervical cancer cells and MCF‑7 human ER/EP‑ breast 
cancer cells, overexpression of NLRX1 increases cell death 
and reduces ATP production, and overexpression of NLRX1 
in MCF‑7 cells reduces cell proliferation and migration (6). In 
MDA‑MB‑1 human ER/EP+ breast cancer cells, knockdown 
of NLRX1 results in decreased cell proliferation, migration, 
ATP production and inhibited TNF‑α‑induced mitochon‑
drial autophagy. It is thought that the elevated expression of 
NLRX1 in invasive breast cancer supports its tumorigenic 
potential by controlling mitochondrial metabolic activity 
and turnover, preserving energy balance and preserving 
organelle function via mitochondrial autophagy (7). The 
latest research has also confirmed that NLRX1 inhibits the 
growth and development of Pan02 mouse pancreatic cancer 
cells (14). The present study on the phenotypic effects of 
NLRX1 on KYSE450 and ECA109 cells is consistent with 
this. The present study found that NLRX1 negatively regu‑
lates the growth and development of ESCC cells, which is 

consistent with the function found in pancreatic cancer, liver 
cancer and histiocytic sarcoma (11,13,14). The expression 
and functional differences of NLRX1 in different cells may 
depend on multiple complex factors. Although NLRX1 has 
different roles in different tumors, its biological pathway 
of aggregation is consistent across different models (14). 
Specifically, its pathways of action in various tumors seem 
to be mainly attributed to NF‑κB and AKT signal transduc‑
tion (10‑12,43,44). There are also literature reports indicating 
that it is related to MAPK, STAT3 and IL‑6 signaling (12,14). 
Through WB assays, it was indicated in the present study 
that PI3K/AKT signaling is crucial to NLRX1's function in 
ESCC.

The present study has certain limitations. First, the 
bioinformatics analysis data have not been experimentally 
validated and using only one siNLRX1 subclone in all pheno‑
type experiments is a limitation. The impact of NLRX1 on 
cell proliferation was only confirmed using the CCK‑8 assay 
but not by other experiments specifically designed to detect 
cell proliferation. Furthermore, the deeper mechanisms by 
which NLRX1 regulates the occurrence and development 
of ESCC remain to be explored. Finally, the clinicopatho‑
logical information of the cohort used in this study was not 
recorded or missing, so the clinicopathological information 
of this cohort could not be obtained for analysis, and a larger 
patient cohort is needed to validate the clinical value of 
NLRX1.

In conclusion, the present study found that NLRX1 is a 
tumor suppressor factor in ESCC. Low NLRX1 expression 
is a poor prognostic factor for patients with ESCC. NLRX1 
affects the occurrence and development of ESCC through 
various pathways, including immunity and the PI3K/AKT 
pathway. Research on NLRX1 may provide new insights for 
the treatment of ESCC.
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