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Abstract. Esophageal cancer (ESCA) is a highly lethal gastro‑
intestinal malignancy with limited therapeutic options. The 
peroxiredoxin 4 (PRDX4) protein has antioxidant functions 
and is implicated in various types of cancer, but its role in 
ESCA remains poorly understood. The purpose of the present 
study was to investigate PRDX4 expression in ESCA, evaluate 
its clinical prognostic value, and explore associations with the 
tumor immune microenvironment and metabolic pathways, with 
validation by immunohistochemistry (IHC). PRDX4 expres‑
sion in ESCA was analyzed using UALCAN, SANGERBOX, 
TIMER, STRING and Kaplan‑Meier Plotter databases. IHC 
was performed on 60 ESCA and matched normal tissues. 
Associations with overall survival (OS), progression‑free 
interval (PFI), disease‑specific survival (DSS), disease‑free 
interval (DFI), TNM stage and immune cell infiltration were 
examined. Gene Ontology and Kyoto Encyclopedia of Genes 
and Genomes enrichment analyses were conducted. PRDX4 
was significantly upregulated in ESCA tissues (P<0.05). 
IHC showed strong positive staining in all 60 tumor tissues 
vs. 11/60 normal tissues (P<0.05). High PRDX4 expression 
correlated with poorer OS [Hazard ratio (HR)=1.82; 95% 
confidence interval (CI): 1.21‑2.74; P=0.004], PFI (HR=1.65; 
95% CI: 1.08‑2.52; P=0.019) and DSS (HR=2.01; 95% CI: 
1.32‑3.06; P<0.001), but not with DFI (P=0.35). PRDX4 levels 
differed significantly across N stages (P=0.006), but not T or 
M stages. Furthermore, PRDX4 expression was significantly 
associated with tumor differentiation (P=0.028) and showed a 
trend towards larger tumor size (P=0.061). PRDX4 expression 
correlated with infiltration of dendritic cells, macrophages, 
CD8+ T cells, regulatory T cells, M1 macrophages and 

activated mast cells. Gene Ontology/Kyoto Encyclopedia of 
Genes and Genomes pathways included mitochondrial func‑
tion, carbon metabolism, tricarboxylic acid cycle and pyruvate 
metabolism. Protein interaction analysis showed associations 
with GPX3 and TXN. PRDX4 represents a potential prog‑
nostic biomarker for ESCA, with additional diagnostic value 
suggested by Receiver Operating Characteristic analysis (Area 
Under Curve=0.969). In conclusion, PRDX4 is significantly 
overexpressed in ESCA and is associated with poor prognosis, 
lymph node metastasis, immune infiltration and metabolic 
reprogramming. The present findings suggest that PRDX4 
may serve as a promising prognostic biomarker and a potential 
therapeutic target for ESCA.

Introduction

The PRDX family is a novel protein family with crucial 
antioxidant functions, widely expressed in various organ‑
isms  (1). The encoded proteins function primarily as 
antioxidant enzymes belonging to the peroxiredoxin family, 
localized within the cytoplasm. Peroxidases in this family 
utilize reducing equivalents derived from thiol‑containing 
donors to reduce hydrogen peroxide and alkyl hydroper‑
oxides into water and alcohols  (2), playing a regulatory 
role in the activation of the transcription factor NF‑kappa 
B (3). Peroxiredoxin 4 (PRDX4) regulates oxidative protein 
folding by anchoring to the endoplasmic reticulum and exerts 
antioxidant effects through secretion into the extracellular 
matrix, displaying relatively complex and diverse functions 
across different tumor cells (4).

Esophageal cancer (ESCA) is a common malignant tumor, 
with squamous cell carcinoma (ESCC) being the predominant 
histological type in China (5). Despite significant advance‑
ments in diagnosis and treatment, the five‑year survival rate 
for patients with ESCA remains ~20% (6). Tumor metastasis 
is a major factor contributing to patient mortality; however, 
its mechanisms remain unclear (7). Therefore, investigating 
the mechanisms underlying ESCA metastasis is essential for 
improving patient prognosis.

Previous studies have demonstrated that PRDX4 is a multi‑
functional protein involved in preventing oxidative damage, 
regulating cell proliferation and intracellular signaling, and 
contributing to tumor malignant progression, recurrence and 
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death  (8‑10). Specifically, PRDX4 has been implicated in 
promoting proliferation and migration in ESCA cells through 
the lncRNA THUMPD3‑AS1/miR‑29a‑3p/ELK1 signaling 
pathway, as reported in a recent study (11). However, despite 
these mechanistic insights, a comprehensive evaluation of 
PRDX4's clinical significance, its correlation with the tumor 
immune microenvironment (TIME), and its impact on meta‑
bolic pathways in ESCA remains lacking. Furthermore, the 
prognostic value of PRDX4 protein expression validated by 
immunohistochemistry (IHC) in ESCA cohorts has not been 
systematically reported.

Therefore, the gap aimed to be filled by the present study 
is 3‑fold: i) to validate the overexpression of PRDX4 at both 
the mRNA and protein levels in a clinical ESCA cohort; ii) to 
comprehensively assess its prognostic value and clinicopatho‑
logical correlations, particularly with lymph node metastasis; 
and iii) to explore its potential biological functions in ESCA 
through multi‑omics bioinformatics analysis, focusing on 
immune infiltration and metabolic pathways. Thus, the present 
study investigated the expression of PRDX4 in ESCA and its 
relationship with prognosis from a bioinformatics perspective, 
further validating the findings through in vitro experiments.

Materials and methods

Materials. Archived ESCA tissues and normal esophageal 
mucosal specimens were collected from the Department of 
Pathology, Tumor Hospital of Ningxia Medical University 
General Hospital (Yinchuan, China), between January 2023 
and December 2024. A total of 112  cases with complete 
medical records and comprehensive clinical data were initially 
selected. After excluding patients with a history of radio‑
therapy or chemotherapy prior to tissue sampling, 60 cases 
remained for inclusion in the present study. The cohort 
comprised 41 male and 19 female patients, with a median age 
of 46 years (range, 35‑74 years). All pathological indicators 
were re‑evaluated independently by two pathologists, and 
consensus was achieved. The present study was approved by 
the Ethics Committee of Ningxia Medical University General 
Hospital (approval no. KYLL‑2026‑0022; Yinchuan, China).

Database materials. A uniformly normalized pan‑cancer 
dataset (TCGA TARGET GTEx; PANCAN, N=19,131, 
G=60,499) was downloaded from the UCSC database 
(https://xenabrowser.net/), from which PRDX4 gene expres‑
sion data were extracted for all samples. Sample selection 
was limited to six predefined source categories: Solid Tissue 
Normal, Primary Solid Tumor, Primary Tumor, Normal Tissue, 
Primary Blood‑Derived Cancer (Bone Marrow), and Primary 
Blood‑Derived Cancer (Peripheral Blood). Expression values 
were then transformed using the formula log2(x + 0.001). 
Cancer types with fewer than three samples were subsequently 
excluded, resulting in the inclusion of expression data for 
34 distinct cancer types.

UA L CA N da tabase.  T he  UA LCA N database 
(https://ualcan.path.uab.edu/analysis.html) is an online bioin‑
formatics tool primarily designed for cancer‑related gene 
expression analysis  (12). It provides multiple datasets and 
analytical tools to help researchers understand the molecular 
characteristics of various cancers. The main functions of 

UALCAN include gene expression, survival, tumor staging, 
grading, and subgroup analyses based on clinical character‑
istics, enabling detailed investigation of potential therapeutic 
targets and biomarkers.

SANGERBOX database. The SANGERBOX database 
(http://sangerbox.com/home.html) is an interactive, web‑
based bioinformatics tool platform integrating multiple 
databases (13). It facilitates rapid batch processing of data, 
reducing user difficulty and enhancing analytical efficiency. 
Analysis steps were as follows: i) pan‑cancer analysis; ii) prog‑
nostic analysis of gene expression; iii) input gene: PRDX4; 
sample source selection: all samples; data source: TCGA + 
GTEx; survival data: Overall survival (OS), progression‑free 
interval (PFI), disease‑free interval (DFI) and disease‑specific 
survival (DSS).

STRING database. The STRING database (https://string‑db.
org/) is a widely used tool for analyzing gene and protein interac‑
tions (14). Interaction data within this database originate from 
high‑throughput experimental data, computational genomic 
predictions, automated text mining, and other databases. 
Currently, STRING is among the most comprehensive resources 
for protein‑protein interaction (PPI) analysis, encompassing 
a broad range of species and an extensive dataset. It integrates 
both experimentally validated and computationally predicted 
interactions. Search parameters for the present study were set as 
follows: i) select ‘protein by name’; ii) input ‘PRDX4’ into the 
‘Protein names’ field; iii) choose ‘Homo sapiens’ for ‘Organism’.

TIMER database. The TIMER database (https://cistrome.
shinyapps.io/timer/) analyzes immune cell infiltration in 
tumor tissues based on high‑throughput sequencing (RNA‑Seq 
expression profiling) data (15). It primarily provides infiltration 
profiles for six immune cell types: B cells, CD4+ T cells, CD8+ 
T cells, neutrophils, macrophages and dendritic cells (DCs).

KM‑PLOTER database. The Kaplan‑Meier Plotter 
(https://www.kmplot.com/analysis/) database is widely used 
for survival analysis  (16), sourcing data from GEO, EGA 
and TCGA databases. It contains data for analyzing 54,675 
genes and 18,674 cancer samples, enabling the assessment of 
the impact of over 54,000 genes on patient survival across 
21 cancer types.

Table SI database. Clinicopathological data for patients 
with ESCA were obtained from The Cancer Genome Atlas 
(TCGA) ESCA dataset (n=185). Gene expression data 
(RNA‑Seq) and corresponding clinical annotations were down‑
loaded from the UCSC Xena browser (https://xenabrowser.
net/). PRDX4 expression values were log2‑transformed 
[log2(TPM + 1)] for analysis. Definitions of variables are as 
follows: PRDX4 expression groups: Patients were divided into 
high‑ and low‑expression groups based on the optimal cutoff 
value (6.786 for OS) determined by the maxstat R package 
(Maximally Selected Rank Statistics, version 0.7‑25), with 
minimum and maximum sample sizes per group set at >25 and 
<75%, respectively, to minimize bias. Histologic grade (tumor 
differentiation): Defined according to the TCGA clinical 
annotation, following the World Health Organization (WHO) 
histological tumor classification: Grade I: Well differenti‑
ated; Grade II: Moderately differentiated; Grade III: Poorly 
differentiated; Grade IV/GX: Undifferentiated or grade not 
determined. Tumor size: Defined as the maximum diameter of 
the primary tumor (in cm), as recorded in the TCGA clinical 
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dataset. A cutoff of 4 cm was used to stratify patients into 
smaller (<4 cm) and larger (≥4 cm) tumor groups, consistent 
with previous ESCA studies.

Sample sizes: A total of 162 patients with complete PRDX4 
expression data and available clinicopathological information 
were included in this analysis (81 in the low‑expression group 
and 81 in the high‑expression group). The sample size for each 
subgroup is shown in Table SI. These numbers are consistent 
with the TCGA‑ESCA cohort characteristics reported in a 
previous study (17).

IHC. Tissue sections (4‑micrometer‑thick) were obtained 
from 60 cases of esophageal carcinoma and corresponding 
normal esophageal mucosal tissues. The Multimer method 
was employed to stain tissues using the Benchmark XT Roche 
IHC instrument, with heat‑induced antigen retrieval conducted 
using EDTA (pH  9.0). Slides were incubated with rabbit 
anti‑human PRDX4 antibody (Zhengneng Biotechnology Co., 
Ltd.; diluted 1:800) at 37˚C for 30 min, followed by incubation 
with a horseradish peroxidase‑labeled secondary antibody 
(ZSGB‑BIO PV8000D) at 37˚C for 32 min. Sections were then 
stained with diaminobenzidine (DAB) and counterstained 
with hematoxylin. Positive PRDX4 staining was localized in 
the cytoplasm, presenting colors ranging from faint yellow 
to tan‑brown. The proportion of tumor cells with positive 
cytoplasmic staining for PRDX4 was evaluated under a 
light microscope. Evaluation was conducted in 10 randomly 
selected, non‑overlapping high‑power fields (x400 magnifica‑
tion) and scored based on the percentage of positive cells and 
staining intensity as follows: No staining, 0 points; positive 
cell rate ≤50% with light tan‑brown staining, 1 point; positive 
cell rate 50‑100% with light tan‑brown staining, 2 points; posi‑
tive cell rate ≤50% with tan‑brown staining, 3 points; positive 
cell rate 50‑100% with tan‑brown staining, 4 points; positive 
cell rate ≤50% with dark brown staining, 5 points; positive cell 
rate 50‑100% with dark brown staining, 6 points. Scores of 
0‑2 indicated negative (‑), 3‑4 indicated positive (+), and 5‑6 
indicated strongly positive (++). This scoring system, while 
comprehensive, may be simplified in future clinical applications 
by using a binary (positive/negative) or a three‑tier (negative, 
moderate, strong) system to enhance its clinical utility.

Statistical analysis. Statistical analyses were performed using 
R software (https://www.R‑project.org/.version 4.2.2). mRNA 
expression data were transformed using log2 (TPM  +  1). 
Normally distributed quantitative data were presented as 
the mean ±  standard deviation, and comparisons between 
groups were conducted using independent samples t‑tests. 
Non‑normally distributed quantitative data were expressed 
as median (P25, P75), and comparisons between groups 
were performed using the Mann‑Whitney U test. Categorical 
data were reported as counts or percentages, and inter‑group 
comparisons were conducted using the χ² test. Ranked data 
comparisons were conducted using the rank‑sum test. For 
survival analyses, the optimal cutoff value for PRDX4 
expression was determined using the ‘maxstat’ R package 
(Maximally Selected Rank Statistics, version: 0.7‑25), with the 
minimum and maximum sample sizes per group set at >25 and 
<75%, respectively, to minimize bias. Statistical significance 
was set at P<0.05. Receiver Operating Characteristic (ROC) 

curve analysis was performed using the R package pROC 
(https://xrobin.github.io/pROC/; version 1.18.0) to evaluate the 
diagnostic performance of PRDX4 expression. The AUC and 
optimal cutoff (Youden index) were calculated.

To expand the clinical correlation analysis beyond TNM 
staging, the association between PRDX4 expression and two 
other clinicopathological features, histologic grade (tumor 
differentiation) and tumor size, was additionally evaluated 
using data from the TCGA ESCA dataset. Histologic grade 
was categorized according to the WHO classification as 
Grade  I (well differentiated), Grade  II (moderately differ‑
entiated), Grade III (poorly differentiated), or Grade IV/GX 
(undifferentiated/unknown). Tumor size was defined as the 
maximum diameter of the primary tumor and stratified using 
a 4‑cm cutoff. PRDX4 high‑ and low‑expression groups were 
determined by the optimal cutoff from the maxstat R package. 
Differences in histologic grade distribution between groups 
were assessed using the Wilcoxon rank‑sum test, and differ‑
ences in tumor size distribution were assessed using the χ² test. 
Statistically significant difference was set at P<0.05. Detailed 
results are presented in Table SI.

Results

Pan‑cancer analysis of PRDX4. Analysis using the UALCAN 
database showed that PRDX4 expression was significantly 
upregulated in 18 tumor types, including bladder urothelial 
carcinoma (BLCA), breast invasive carcinoma (BRCA), 
cervical squamous cell carcinoma and endocervical adenocar‑
cinoma (CESC), cholangiocarcinoma, colon adenocarcinoma 
(COAD) and ESCA, and significantly downregulated in kidney 
chromophobe (KICH) and pheochromocytoma and para‑
ganglioma (Fig. 1A). Expression differences between tumor 
and normal tissues across cancers were analyzed using the 
SANGERBOX database. Significant differences determined 
by the Wilcoxon rank‑sum and signed‑rank tests revealed 
significant upregulation of PRDX4 in 30 tumor types, including 
glioblastoma multiforme, glioblastoma and lower‑grade 
glioma, low‑grade glioma, uterine corpus endometrial carci‑
noma, BRCA, CESC, lung adenocarcinoma, ESCA, stomach 
and esophageal carcinoma, KIPAN (KICH, KIRC and KIRP), 
COAD, colon adenocarcinoma and rectum adenocarcinoma, 
prostate adenocarcinoma, stomach adenocarcinoma, head 
and neck squamous cell carcinoma, kidney renal clear cell 
carcinoma, lung squamous cell carcinoma, liver hepatocellular 
carcinoma, Wilms tumor, skin cutaneous melanoma, BLCA, 
thyroid carcinoma, rectum adenocarcinoma, ovarian cancer, 
tenosynovial giant cell tumor, uterine carcinosarcoma, acute 
lymphoblastic leukemia, lymphangioleiomyomatosis and 
adrenocortical carcinoma, and significant downregulation in 
PAAD and KICH (Fig. 1B).

Differential expression of PRDX4 in ESCA and normal 
tissues. The aforementioned pan‑cancer expression profiling 
positioned PRDX4 within the tumor landscape, indicating 
its potential as a tumor biomarker. Given the highly lethal 
nature of ESCA, a gastrointestinal malignancy with limited 
therapeutic options, identifying novel molecular targets is 
clinically significant. Therefore, the role of PRDX4 was vali‑
dated and explored specifically in ESCA. Analysis using the 
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SANGERBOX database revealed significantly higher PRDX4 
expression in tumor tissues (n=181) compared with normal 
tissues (n=668) (P<0.05). Consistently, analysis using the 

UALCAN database also demonstrated significantly elevated 
PRDX4 expression in tumor tissues (n=184) relative to normal 
tissues (n=11) (P<0.05; Fig. 2A and B).

Figure 1. Pan‑cancer analysis of PRDX4 expression. (A) Analysis using the UALCAN database showing PRDX4 expression across various cancer types. 
(B) Analysis using the SANGERBOX database further validating the differential expression of PRDX4 in a broader range of cancer types Tumor (T)=181, 
Normal (N)=668. Statistical significance was determined using the Wilcoxon rank‑sum test. **P<0.01, ***P<0.001 and ****P<0.0001. Red represents tumor 
tissues, and blue represents normal tissues. Error bars indicate the standard deviation. TCGA, The Cancer Genome Atlas; BLCA, bladder urothelial carci‑
noma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, 
colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney 
chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung 
adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; PCPG, pheochromocytoma 
and paraganglioma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; THCA, thyroid carcinoma; THYM, thymoma; 
STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma; TPM, transcripts per million.
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IHC results. IHC analysis showed cytoplasmic localization 
of PRDX4, with significantly higher expression in ESCA 
compared with adjacent normal tissues (P<0.05; Fig.  2). 
Among 60 tumor specimens, all demonstrated strong posi‑
tive staining (100% strongly positive). By contrast, only 11 
of 60 normal esophageal mucosal tissues (18.33%) exhibited 
strong positive staining, representing a statistically significant 
difference (P<0.05; Fig. 3A and B).

Relationship between PRDX4 and prognosis in patients with 
ESCA. The optimal cutoff values for PRDX4 were calculated 
using the R package maxstat, dividing patients into high‑ and 
low‑risk groups. Prognostic differences between these groups 
were further analyzed using the survfit function from the R 
survival package, and the log‑rank test was employed to assess 
statistical significance. Significant differences were found in 

OS, PFI and DSS (P<0.05), whereas no significant difference 
was observed in DFI (P=0.35) (Fig. 4A‑D).

The relationship between PRDX4 expression and prog‑
nosis in ESCA was analyzed using the UALCAN database. A 
comparison between 46 patients with ESCA with high PRDX4 
expression and 138 patients with low expression indicated a 
significantly poorer prognosis in the high‑expression group 
compared with the low‑expression group (P<0.0001). Female 
patients with low PRDX4 expression demonstrated the best 
prognosis, while male patients with high PRDX4 expression 
exhibited the worst prognosis. Differences between groups 
were statistically significant (P=0.00032) (Fig. 5A and B).

Clinical staging and gene expression analysis. Gene expression 
differences across distinct clinical stages were analyzed using 
R software (version 3.6.4). For comparisons among multiple 

Figure 2. Differential expression analysis of PRDX4 in tumor and non‑tumor tissues. (A) UALCAN database analysis showing significantly higher PRDX4 
expression in ESCA tumor tissues (n=184) compared with normal tissues (n=11). (B) SANGERBOX database analysis confirming the upregulation of PRDX4 
in ESCA tumor tissues (n=181) vs. normal tissues (n=668). Data are presented as the mean ± SD. Statistical significance was assessed using the Mann‑Whitney 
U test. P<0.0001. PRDX4, peroxiredoxin 4; ESCA, esophageal cancer.

Figure 3. Immunohistochemical validation of PRDX4 protein expression. Representative images showing PRDX4 staining in (A) ESCA tumor tissue and 
(B) normal esophageal mucosal tissue. PRDX4 protein was predominantly localized in the cytoplasm. Strong positive staining (brown) was observed in tumor 
tissues, whereas normal tissues showed weak or no staining. Scale bar, 50 µm. IHC scores were significantly higher in tumor tissues (all 60 cases strongly 
positive) compared with normal tissues (11/60 strongly positive, P<0.05, chi‑square test). PRDX4, peroxiredoxin 4.
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groups, one‑way analysis of variance (ANOVA) was performed, 
followed by Tukey's honestly significant difference (HSD) 
post hoc test for multiple pairwise comparisons. Unpaired 
Student's t‑test was used only for comparisons between two 
specific groups where applicable. Comparison of PRDX4 
expression levels among patients with ESCA across different 
TNM stages revealed no significant differences in T or M 

stages. However, significant differences in PRDX4 expression 
were observed among different N stages (P=0.006) (Table I). 
Furthermore, the clinicopathological correlation analysis was 
extended to include tumor differentiation and tumor size. As 
shown in Table SI, PRDX4 expression was significantly asso‑
ciated with tumor differentiation grade (P=0.028), with higher 
expression observed in poorly differentiated tumors. Although 

Figure 5. Survival analysis of PRDX4 in ESCA using UALCAN database. (A) Kaplan-Meier survival curves stratified by tumor grade and PRDX4 expression 
level. Patients with high PRDX4 expression and Grade 3 tumors exhibited the worst prognosis, while those with low/medium PRDX4 expression and Grade 
1 tumors had the best prognosis (P=2e-04, log-rank test). (B) Kaplan-Meier survival curves comparing patients with high (n=46) versus low/medium (n=138) 
PRDX4 expression. High PRDX4 expression was associated with significantly poorer overall survival (P<0.0001, log-rank test). PRDX4, peroxiredoxin 4; 
ESCA, esophageal cancer.

Figure 4. Prognostic value of PRDX4 in ESCA using SANGERBOX database. Kaplan‑Meier survival curves demonstrating the relationship between PRDX4 
expression and (A) OS, (B) PFI, (C) DFI and (D) DSS. The optimal cutoff values were determined using the maxstat R package. High PRDX4 expression was 
significantly associated with poorer OS, PFI and DSS (log‑rank test, P<0.05), but not with DFI (P=0.35). The number of patients at risk in each group is shown 
below the curves. PRDX4, peroxiredoxin 4; ESCA, esophageal cancer; OS, overall survival; PFI, progression‑free interval; DFI, disease‑free interval; DSS, 
disease‑specific survival; HR, hazard ratio; CI, confidence interval.
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not statistically significant, there was a trend towards higher 
PRDX4 expression in larger tumors (P=0.061).

ROC curve analysis for diagnostic evaluation. To evaluate the 
potential diagnostic value of PRDX4 in distinguishing ESCA 
from normal tissues, ROC curve analysis was performed using 
the TCGA ESCA dataset. The area under the curve (AUC) 
was calculated to assess the overall diagnostic performance. 
As shown in Fig. S1, the ROC curve yielded an AUC of 0.969, 
indicating excellent discriminatory ability. At the optimal 
cutoff point determined by the Youden index, the sensitivity 
and specificity were 98.0 and 94.0%, respectively. These 
results suggest that PRDX4 expression has a strong capacity 
to differentiate ESCA tissues from normal esophageal tissues, 
supporting its potential as a diagnostic biomarker, although 
further validation in independent cohorts is warranted.

Relationship between PRDX4 and immune infiltration. The 
association between tumor progression and immune cell infiltra‑
tion (B cells and macrophages) was analyzed using the TIMER 
database. Additionally, analysis using the STRING database 
revealed that PRDX4 expression correlated significantly with 

the immune infiltration of DCs and macrophages, whereas no 
associations were observed with B cells, tumor purity, CD4+ 
T cells, CD8+ T cells, or neutrophils (P>0.05) (Fig. 6).

The deconvo_CIBERSOR method f rom the R 
package IOBR (version 0.99.9; https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC8283787/) was utilized to evaluate 
immune cell infiltration scores in tumor patients based on 
gene expression. Immune cells analyzed included naive B 
cells, memory B cells, plasma cells, CD8+ T cells, naive CD4+ 
T cells, resting memory CD4+ T cells, activated memory CD4+ 
T cells, follicular helper T cells, regulatory T cells (Tregs), 
gamma‑delta T cells, resting NK cells, activated NK cells, 
monocytes, macrophages (M0, M1, M2), resting DCs, acti‑
vated DCs, resting mast cells, activated mast cells, eosinophils 
and neutrophils. Subsequently, the corr.test function from the 
psych package (version 2.1.6) in R was employed to calculate 
Pearson's correlation coefficients between gene expression and 
immune cell infiltration scores across tumor samples, iden‑
tifying significant correlations. Results revealed significant 
correlations between PRDX4 expression in ESCA and infiltra‑
tion by CD8+ T cells, resting memory CD4+ T cells, Tregs, M1 
macrophages and activated mast cells (Fig. 7).

Table I. Comparison of PRDX4 expression levels in patients with different TNM stages.

	 Expression level of PRDX4 (n=81)
	------------------------------------------------------------------------------------
Characteristics	 Low (%)	 High (%)	 P‑value

Pathologic T stage, n (%)			   0.372
  T1	 16 (11)	 11 (7.6)	
  T2	 23 (15.9)	 14 (9.7)	
  T3 and T4	 40 (27.6)	 41 (28.3)	
Pathologic N stage, n (%)			   0.006
  N0	 42 (29.2)	 24 (16.7)	
  N1	 25 (17.4)	 38 (26.4)	
  N2	 8 (5.6)	 1 (0.7)	
  N3	 4 (2.8)	 2 (1.4)	
Pathologic M stage, n (%)			 
  M0	 66 (51.2)	 55 (42.6)	 0.569
  M1	 3 (2.3)	 5 (3.9)	

T, tumor; N, node; M, metastasis.

Figure 6. Correlation between PRDX4 expression and immune cell infiltration using TIMER database. Scatter plots showing the correlation between PRDX4 
expression and infiltration levels of six immune cell types in esophageal cancer. PRDX4 expression showed significant positive correlations with infiltration 
of macrophages (R=0.312, P=0.003) and dendritic cells (R=0.286, P=0.007). No significant correlations were observed with B cells, CD4+ T cells, CD8+ T 
cells, or neutrophils. Tumor purity was also assessed. Statistical significance was determined by partial correlation analysis after adjusting for tumor purity. 
PRDX4, peroxiredoxin 4.
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Enrichment analysis. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses are 
widely used bioinformatics approaches for classifying genes 
or proteins by function and associating them with biological 
processes or metabolic pathways, providing insights into their 
roles within cells. GO analysis indicated that PRDX4 regula‑
tion in ESCA was significantly associated with the following 
pathways: Mitochondrial part, mitochondrion, mitochondrial 
matrix, mitochondrial protein complex, inner mitochondrial 
membrane protein complex, ribose phosphate metabolic 
process, small molecule metabolic process, sulfur compound 

metabolic process, catalytic complex, and intrinsic component 
of mitochondrial inner membrane. KEGG analysis revealed 
associations between PRDX4 regulation in ESCA and pathways 
including the glucagon signaling pathway, carbon metabolism, 
protein export, citrate cycle [tricarboxylic acid (TCA) cycle], 
pentose phosphate pathway, beta‑alanine metabolism, meta‑
bolic pathways, DNA replication, pyruvate metabolism, and 
porphyrin and chlorophyll metabolism (Fig. 8A and B).

Kaplan‑Meier plotter database. The prognostic significance 
of PRDX4 in patients with ESCA was assessed using the 

Figure 7. Correlation between PRDX4 expression and immune cell infiltration using CIBERSORT algorithm. Heatmap and scatter plots showing the correla‑
tion between PRDX4 expression and the relative proportions of 22 immune cell subtypes in ESCA. Significant correlations were identified with CD8+ T cells, 
resting memory CD4+ T cells, Tregs, M1 macrophages and activated mast cells (Pearson correlation, *P<0.05). Red indicates positive correlation, and blue 
indicates negative correlation. The strength of the correlation is represented by the color intensity. Sample sizes: TCGA‑ESCA cohort (n=181). Statistics: 
Spearman correlation analysis. PRDX4, peroxiredoxin 4; ESCA, esophageal cancer; NK, natural killer cells; Treg, regulatory T cells; M0/M1/M2, macrophage 
subtypes; cor, correlation coefficient.
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Kaplan‑Meier Plotter database. Patients were classified into 
high‑ and low‑expression groups based on gene expression 
levels at various quantiles. Kaplan‑Meier survival curves were 
plotted to compare the two groups, and the hazard ratio (HR), 
95% confidence interval (CI) and log‑rank P‑value were calcu‑
lated. The results demonstrated that PRDX4 has significant 
prognostic value in patients with ESCA (P=0.0089; Fig. 9).

PPI analysis. Proteins typically exert their biological functions 
through interactions with other proteins. Analyzing PPI 
networks enhances the understanding of intracellular func‑
tional regulation and signaling pathways. Thus, interaction 
analyses using the STRING database revealed multiple 
proteins interacting with PRDX4, including GPX3 and TXN 
(Fig. 10).

Figure 8. Functional enrichment analysis of peroxiredoxin 4‑coexpressed genes in esophageal cancer. (A) Gene Ontology analysis showing enrichment of 
biological processes, cellular components, and molecular functions related to mitochondrial function, metabolic processes and catalytic activity. (B) Kyoto 
Encyclopedia of Genes and Genomes pathway analysis revealing associations with metabolic pathways, including the TCA cycle, carbon metabolism and 
pyruvate metabolism. The top 10 significantly enriched terms (P<0.05) are displayed. The size of the circles represents the number of genes enriched, and the 
color represents the P‑value (red indicating lower P‑values). GeneRatio, enrichment ratio; TCA, tricarboxylic acid cycle. Statistics: Hypergeometric distribution 
test (P‑values adjusted).

Figure 9. Kaplan‑Meier plot from the Kaplan‑Meier Plotter database. Survival 
curve demonstrating that high PRDX4 expression predicts poor overall 
survival in patients with esophageal cancer (HR=1.56, 95% CI=1.12‑2.18, 
log‑rank P=0.0089). The optimal cutoff was determined automatically by 
the database. The number of patients at risk at different time points is shown 
below the graph. Sample sizes: Risk table below shows numbers at risk 
(Low: initial n=59; High: initial n=21). Statistics: Log‑rank test. Significance: 
P=0.0089 (Log rank P), HR=2.47 (95% CI=1.23‑4.96); P<0.05 was consid‑
ered to indicate a statistically significant difference. PRDX4, peroxiredoxin 
4; HR, hazard ratio; CI, confidence interval.

Figure 10. Protein‑protein interaction network of PRDX4. Analysis using the 
STRING database revealed a network of proteins interacting with PRDX4, 
including GPX3, TXN and other antioxidant‑related proteins. The thickness 
of the connecting lines represents the confidence score of the interaction. 
Nodes represent proteins, and edges represent predicted or experimentally 
validated functional associations. PRDX, peroxiredoxin; GPX3, glutathione 
peroxidase 3; TXNDC5, thioredoxin domain containing 5; P4HB, prolyl 
4‑hydroxylase subunit beta; GLUL, glutamate‑ammonia ligase; SRXN1, 
sulfiredoxin 1; TXN, thioredoxin; ERP44, endoplasmic reticulum protein 
44; PDIA6, protein disulfide isomerase family A member 6; PDIA3, protein 
disulfide isomerase family A member 3.

https://www.spandidos-publications.com/10.3892/mco.2026.2976
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Discussion

The present study systematically investigated the expression 
characteristics, clinical significance and potential molecular 
mechanisms of PRDX4 in ESCA. By integrating multi‑omics 
bioinformatics analyses and validating findings with tissue 
samples, a series of consistent and mutually reinforcing 
results were obtained. First, both pan‑cancer analysis and 
ESCA‑specific analyses demonstrated widespread upregula‑
tion of PRDX4 across multiple tumor types, including ESCA, 
suggesting its pleiotropic tumor‑promoting role. IHC valida‑
tion in an independent clinical cohort further confirmed 
elevated cytoplasmic PRDX4 protein expression in tumors. 
The consistency between transcriptomic and proteomic 
analyses significantly increased the reliability of these find‑
ings and indicated that PRDX4 overexpression may represent 
a stable molecular feature of ESCA.

Second, prognostic analyses revealed a significant corre‑
lation between elevated PRDX4 expression and poorer OS, 
PFI and DSS in patients with ESCA, indicating that PRDX4 
may serve as an independent risk factor for long‑term patient 
outcomes. Notably, PRDX4 showed no significant correlation 
with DFI, suggesting its role may primarily involve promoting 
tumor progression and metastasis rather than initiating tumor 
recurrence. This interpretation aligns with clinical staging 
analysis, which demonstrated significant associations between 
PRDX4 expression and lymph node (N) staging, but not 
tumor (T) or distant metastasis (M) staging. The additional 
correlation with poorer tumor differentiation further supports 
its association with aggressive tumor behavior. These find‑
ings strongly support the hypothesis that PRDX4 specifically 
promotes lymph node metastasis in ESCA, providing critical 
clinical evidence for its ‘metastasis‑promoting’ function and 
explaining its association with poor OS and DSS.

Third, tumor microenvironment (TME) analysis offered 
insights into potential mechanisms underlying the influence 
of PRDX4 on prognosis. In the present study, a positive 
correlation was observed between PRDX4 expression and 
infiltration of myeloid immune cells, particularly macrophages 
and DCs. Tumor‑associated macrophages (TAMs), especially 
M2‑type TAMs, are known to facilitate tumor progression 
by suppressing immune responses and promoting angiogen‑
esis and metastasis. Therefore, PRDX4 may contribute to an 
immunosuppressive microenvironment and tumor progression 
by regulating the redox status of tumor cells or secreting 
specific cytokines, thereby promoting lymph node metastasis 
and leading to poorer prognosis (18,19).

Beyond macrophages, the current correlation analyses 
revealed a significant positive association between PRDX4 
expression and DC infiltration in ESCA, a finding that warrants 
mechanistic consideration. DCs are central to antitumor 
immunity through antigen presentation and T‑cell priming, yet 
their function is highly susceptible to the TME. Although the 
present data demonstrate a statistical correlation, the underlying 
mechanisms remain hypothetical and require experimental 
validation. It is proposed that PRDX4 may influence DC 
recruitment and function through at least three interconnected 
pathways. First, as a secreted antioxidant enzyme, PRDX4 
can modulate extracellular redox balance. Elevated PRDX4 
in the TME may reduce oxidative stress, thereby diminishing 

the release of damage‑associated molecular patterns that typi‑
cally act as chemo‑attractants for immature DCs. This could 
paradoxically impair DC recruitment while protecting tumor 
cells from oxidative damage. Second, intracellular PRDX4 
within tumor cells regulates mitochondrial reactive oxygen 
species (ROS) production. Given that mitochondrial metabo‑
lism and ROS signaling are critical for DC maturation and 
cytokine secretion, PRDX4‑mediated alterations in tumor cell 
metabolism, particularly through the TCA cycle and pyruvate 
metabolism as suggested by our KEGG analysis, may lead to 
the release of metabolic intermediates (for example, lactate 
and succinate) that suppress DC differentiation or promote a 
tolerogenic phenotype. Third, PRDX4 may directly interact 
with or regulate redox‑sensitive transcription factors (for 
example, NF‑κB and NRF2) in tumor cells, influencing the 
secretion of chemokines such as CCL4, CCL5, or CXCL10 
that are known to govern DC trafficking. It is crucial to 
emphasize that these proposed mechanisms are speculative 
and derived from the known biochemical functions of PRDX4 
and general principles of tumor immunology. They are not 
directly evidenced by our current correlation analyses, which 
only establish an association, not causation, between PRDX4 
transcript levels and DC infiltration estimates from decon‑
volution algorithms. Future studies employing DC‑tumor 
cell co‑culture systems, PRDX4 genetic manipulation, and 
in vivo DC depletion models are indispensable to test these 
hypotheses and determine whether the observed correlation 
reflects a causal immunomodulatory role of PRDX4 or merely 
an epiphenomenon of tumor progression.

However, the lack of correlation between PRDX4 expres‑
sion and CD8+ T cell infiltration suggests that PRDX4 may 
not directly influence adaptive immune effector cells, with its 
immunomodulatory effects possibly restricted to the innate 
immune compartment (20,21).

In addition to its prognostic value, the ROC analysis of the 
present study demonstrated that PRDX4 expression can effec‑
tively discriminate ESCA from normal tissues with a high 
AUC of 0.969, suggesting considerable diagnostic potential. 
However, it is acknowledged that ROC performance based 
on a single dataset may be optimistic, and the true diagnostic 
utility requires prospective evaluation in large, multi‑center 
screening cohorts. Therefore, while PRDX4 shows promise as 
a diagnostic adjunct, its primary clinical value in the current 
study remains as a prognostic indicator, as reflected by the 
consistent survival and clinicopathological associations.

It is important to note the apparent discrepancies between 
the immune infiltration results obtained from the TIMER and 
CIBERSORT algorithms. TIMER analysis primarily showed 
associations with macrophages and DCs, while CIBERSORT 
revealed broader correlations with CD8+ T cells, Tregs and M1 
macrophages. These differences are likely attributable to the 
distinct computational principles of each method. TIMER uses 
a partial correlation approach that adjusts for tumor purity and 
estimates abundance for only six immune cell types, whereas 
CIBERSORT employs a deconvolution algorithm based on a 
curated gene expression signature matrix (LM22) to estimate 
the relative proportions of 22 immune cell subtypes (14,17). 
The discrepancy highlights the importance of using multiple 
algorithms to cross‑validate findings and suggests that 
PRDX4 may exert its immunomodulatory effects through a 
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complex network involving both innate and adaptive immune 
components, with the specific associations being dependent on 
the analytical resolution and the reference datasets used.

Fourth, functional enrichment analysis further highlighted 
a close association between PRDX4 and mitochondrial 
functions, as well as multiple metabolic pathways, including 
carbon metabolism, the TCA cycle and pyruvate metabo‑
lism. As an antioxidant protein, PRDX4 plays a crucial role 
in maintaining cellular redox homeostasis, which is tightly 
linked to cellular metabolism, particularly mitochondrial 
energy metabolism (22,23). The enrichment of mitochondrial 
pathways suggests that PRDX4 may be pivotal in managing 
the oxidative stress generated by active mitochondrial respi‑
ration in rapidly proliferating tumor cells. Furthermore, its 
association with metabolic pathways such as the TCA cycle 
and carbon metabolism suggests that PRDX4 might facilitate 
the metabolic reprogramming known as the ‘Warburg effect’, 
where cancer cells shift to aerobic glycolysis. By neutral‑
izing ROS produced during enhanced mitochondrial activity, 
PRDX4 could protect tumor cells from oxidative damage, 
thereby sustaining their survival and proliferation. These find‑
ings suggest that the oncogenic role of PRDX4 in ESCA might 
be mediated by its ability to remodel tumor cell metabolism, 
thereby satisfying the energetic and biosynthetic demands of 
rapidly proliferating tumor cells. Thus, PRDX4 may act as a 
‘metabolic guardian’ during tumor metabolic reprogramming, 
a hallmark feature of cancer. This metabolic role may also 
explain its association with immune infiltration, as metabolic 
byproducts can influence the polarization and function of 
immune cells, particularly macrophages.

Comparing the present findings with previous studies 
in other cancers, PRDX4 overexpression has been linked 
to poor prognosis in gastric and breast cancers, suggesting 
a conserved oncogenic role across malignancies  (8‑10,17). 
However, the present study is the first to comprehensively 
demonstrate its specific correlation with lymph node metas‑
tasis and metabolic pathways in ESCA, differentiating it from 
prior work that primarily focused on proliferation mechanisms 
via non‑coding RNAs. While a recent study identified the 
THUMPD3‑AS1/miR‑29a‑3p/ELK1/PRDX4 axis in ESCA 
cells (11), the present study complements this by providing 
the clinical and translational context, validating its prog‑
nostic power and revealing its association with the TME and 
metabolism in patient cohorts.

Finally, PPI network analysis revealed strong interactions 
between PRDX4 and other critical antioxidant proteins, such as 
GPX3 and TXN, supporting the hypothesis that PRDX4 func‑
tions within a coordinated antioxidant network to collectively 
counteract excessive oxidative stress in ESCA cells, thereby 
maintaining their survival advantage (24). Independent validation 
using the Kaplan‑Meier Plotter database further strengthened the 
value of PRDX4 as a prognostic biomarker in ESCA.

Several limitations of the present study should be acknowl‑
edged. First, the sample size for IHC validation (n=60) is 
relatively small and derived from a single center. Larger, multi‑
center cohorts are necessary to confirm the clinical utility of 
PRDX4 as a biomarker. Second, while the clinicopathological 
correlation was expanded, data on treatment response were 
not available, limiting our assessment of PRDX4's predictive 
value for therapy. Third, the mechanistic insights are based 

entirely on bioinformatic predictions and correlation analyses. 
Direct in vitro and in vivo functional studies, such as PRDX4 
overexpression/knockdown assays to examine its impact on 
cell proliferation, migration, metabolism and immune cell 
interaction, are essential to validate the proposed mechanisms. 
These experiments will be the focus of our future research.

In conclusion, the present study systematically character‑
ized the multifaceted oncogenic roles of PRDX4 in ESCA 
through multi‑dimensional analyses. First, PRDX4 was 
significantly overexpressed in tumor tissues. Second, its over‑
expression was closely correlated with lymph node metastasis 
and poor prognosis. Third, the underlying mechanisms may 
involve metabolic reprogramming of tumor cells (particularly 
mitochondrial metabolic pathways) and modulation of the 
TIME (especially infiltration of myeloid immune cells). The 
novelty of the present study lies in providing a comprehen‑
sive clinical and bioinformatic characterization of PRDX4 
in ESCA, bridging the gap between mechanistic studies and 
clinical translation. PRDX4 was established not merely as a 
molecule of interest, but as a clinically relevant prognostic 
biomarker and a potential node in the metabolism‑immunity 
crosstalk. These findings not only establish PRDX4 as a 
potential prognostic biomarker in ESCA but also identify a 
novel mechanism of tumor progression mediated via the 
‘metabolism‑immunity’ axis, providing essential theoretical 
support for future therapeutic strategies targeting PRDX4 
and its associated pathways. The present findings suggest that 
PRDX4 may serve as a promising prognostic biomarker and a 
potential therapeutic target for ESCA. Future studies should 
directly verify the precise molecular mechanisms by which 
PRDX4 regulates ESCA cell metabolism, mediates immune 
evasion, and promotes lymph node metastasis using in vivo 
and in vitro experimental approaches.
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