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Abstract: Oxidative stress plays a dual role in cancer, influencing both tumor promotion and suppression
through reactive oxygen species (ROS) regulation. Cancer cells upregulate antioxidant systems, evade
ROS-induced cell death, and use ROS signaling to drive tumor progression and immune evasion. ERO1A
(Endoplasmic Reticulum Oxidoreductase 1 Alpha), a key enzyme in redox homeostasis, is highly expressed
in various cancers and has been implicated in enhancing ROS levels, thereby promoting tumor growth, met-
abolic reprogramming, and immune escape.This study systematically analyzed ERO1A expression across
multiple cancer types using TCGA data. ERO1A was found to be significantly upregulated in cancers such
as breast, liver, and lung adenocarcinoma, and its expression was correlated with poor patient survival.
Functional analysis revealed that ERO1A regulates critical oxidative stress-related pathways, including lipid
metabolism and the cytochrome P450 pathway, suggesting a central role in tumor cell adaptation to oxi-
dative environments. Additionally, ERO1A’s high expression was associated with increased immune-sup-
pressive cell infiltration, supporting its role in promoting immune evasion and highlighting EROIA as a
potential diagnostic and prognostic marker in ROS-dependent cancers. By targeting the ERO1A-mediated
redox balance, novel therapeutic strategies can be developed to counteract cancer progression. These results
offer new insights into the interplay between oxidative stress and cancer, with ERO1A at the center of redox

regulation.

1. Introduction

Cancer is one of the leading causes of death worldwide and is characterized by
high incidence and mortality rates. Despite significant advances in treatment,
the incidence of cancer continues to increase. Many cancers often present with
no obvious symptoms in the early stages, resulting in late-stage diagnoses
for most patients, which leads to poor treatment outcomes and low survival
rates. Currently, effective early screening and diagnostic biomarkers for many
types of cancer are lacking, making early detection and intervention highly
challenging. Although we have gained some understanding of the etiology and
mechanisms of cancer, many pathogenic mechanisms remain unclear, particu-
larly those involving the tumor microenvironment, metabolic regulation, and
immune evasion.

Redox reactions are key processes that regulate cellular homeostasis, including
cell proliferation, metabolism, and signaling. In normal cells, reactive oxygen
species (ROS) levels are tightly controlled and balanced by antioxidant mech-
anisms. However, in cancer, redox imbalance leads to ROS accumulation,
promoting DNA damage, protein oxidation, and gene mutations, thereby ac-
celerating tumor initiation and progression. Redox reactions play a central role
in the onset and development of cancer. Intracellular ROS are key products
of redox reactions and play important roles in maintaining cellular functions,
signal transduction, and metabolic regulation“’ . However, redox imbalance,
particularly excessive ROS accumulation, can lead to DNA damage, protein
oxidation, and gene mutations, which collectively drive cancer initiation and
progression”. At low concentrations, ROS can act as signaling molecules for

cell proliferation, activate pro-tumor signaling pathways such as PI3K/AKT
and MAPK, and promote tumor growth by stimulating angiogenesis and cell
migration”. However, high ROS levels are cytotoxic to cancer cells, limiting
tumor spread by inducing apoptosis or autophagy"’. Cancer cells adapt to high
ROS conditions by activating antioxidant systems such as the Nrf2-KEAP1
pathway, which protects them from excessive ROS damage, allowing survival
in a high-ROS microenvironment'. Redox imbalance has been recognized as
one of the driving forces behind cancer metabolic reprogramming and immune
evasion'. In terms of metabolism, ROS accumulation enables cancer cells to
reconfigure their metabolic networks, thereby enhancing glycolysis and lipid
metabolism to meet the demands of rapid proliferation™. Additionally, ROS
modulate immune cell activity within the tumor microenvironment, impairing
the function of immune cells, such as T cells, thus inhibiting the immune sys-
tem’s recognition and elimination of cancer cells, which ultimately promotes
immune evasion”. Therefore, redox reactions exhibit dual roles in tumor biol-
ogy: on one hand, they drive the malignant progression of cancer cells, while
on the other hand, they provide novel opportunities for the development of
antioxidant therapies and ROS-targeting treatment strategies'”.

Endoplasmic Reticulum Oxidoreductase 1 alpha (ERO1A) is a key enzyme
in maintaining cellular redox balance and plays a significant role in the regu-
lation of protein folding, particularly during the formation of disulfide bonds
in nascent polypeptide chains. It produces hydrogen peroxide (H[JOL)), thereby
regulating intracellular ROS levels"". This not only helps cells sustain es-
sential metabolic functions but also supports the survival and proliferation of
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Figure 1. Expression level of ERO1A in tumors and normal tissues. A (EROIA expression in tumor cell lines); B (ERO1A expres-
sion in TCGA tumors and adjacent normal tissues as controls); C (ERO1A expression profile across all tumor samples and paired nor-

mal tissues from GEPIA2) (*p < 0.05, **p < 0.01, ***p < 0.001).

cancer cells under oxidative stress conditions'”. EROIA is highly expressed
in various cancers, including breast cancer, hepatocellular carcinoma, and non-
small-cell lung cancer. Its overexpression is closely associated with cancer
malignancy, primarily by exacerbating intracellular ROS accumulation and
activating pro-tumor signaling pathways such as those involving HIF-1a and
VEGF, which are critical for angiogenesis and metastasis. Studies have shown
that ROS enhances the anti-apoptotic ability of cancer cells, enabling them to
evade immune surveillance and promote cancer adaptability and invasiveness
through metabolic reprogramming'™”. Its role in the immune microenviron-
ment is also receiving increasing attention, as high ROS levels are associated
with immunosuppressive phenomena, especially by inhibiting T-cell activity,
thereby promoting immune evasion in tumors. The role of EROIA in the
immune microenvironment highlights its potential as a target for cancer ther-

apies. Targeting EROIA or its associated redox pathways may effectively
enhance the efficacy of cancer treatment by inhibiting ROS production*.

The present study aimed to elucidate the mechanistic role of ERO1A in var-
ious cancers, particularly its function in regulating redox balance, metabolic
reprogramming, and the tumor immune microenvironment. Through a com-
prehensive analysis of TCGA database, we explored the expression profile
of ERO1A across different cancer types and assessed its value as a potential
diagnostic biomarker and prognostic predictor. ERO1A not only influences
oxidative stress and the survival capability of cancer cells but may also drive
cancer progression by modulating immune evasion and metabolic pathways.
This study provides new insights into the application of redox reactions in can-
cer therapy through systematic data analysis and clinical correlation studies.
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Figure 2. Prognostic Analysis of ERO1A in Different Cancer Types. (A-G) Correlation between ERO1A expression and OS prog-
nosis A (CESC), B (KICH), C (KIRP), D (LIHC), E (LUAD), F (MESO), G (PAAD), and (H) Forest plots showing ERO1A prognostic

features.

2. Materials and Methods

Data Source and Sample Selection

This study utilized publicly available data from The Cancer Genome Atlas
(TCGA), which includes RNA sequencing (RNA-seq) data from various
cancer types such as breast cancer (BRCA), liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), and colon adenocarcinoma (COAD).
The samples were selected based on the availability of comprehensive clinical
information and RNA-seq profiles. Patients lacking complete clinical records
or expression data were excluded. Only tumor and matched normal tissue
samples with sufficient quality metrics were used in the analysis.

Gene Expression Data Analysis

The expression levels of ERO1A across different cancer types were analyzed
using R software (v4.0.5). Differential expression analysis between tumor and

normal tissues was conducted using the DESeq2 package, where RNA-seq
data were normalized and log2 fold-change values were calculated. Statistical
significance was defined as P < 0.05. For differential expression analysis, we
applied Benjamini-Hochberg correction to control the false discovery rate
(FDR). Adjusted P-values (FDR < 0.05) were used to determine significance
unless stated otherwise.

Survival Analysis

The relationship between ERO1A expression and patient survival was assessed
using Kaplan-Meier survival curves and Cox proportional hazard regression
analysis. Data regarding survival times and patient outcomes were retrieved
from the TCGA clinical records. Survival curves were generated using the
survival and survminer R packages, and log-rank tests were used to compare
the survival differences between the high and low ERO1A expression groups.

2 (3)

X-Disciplinarity



BLCA CESC CHOL
A 10 B 10 C 10
’ ’
/ y 7
0.8 » 0.8 » 08 »
x ‘ r ‘ '3 ,
o L o e o e
= 06 1 06 = 06 1
2 o 2 s 2 p
> ’ > = ’
G 0.4 - G 0.4 - B 041 -
j=s 4 C * c ’
[ / [0 / [ /
”n s ” Ve ”n Ve
0.2 4 i ERO1A 0.24 -t ERO1A 0.2 1 ~1 ERO1A
o AUC: 0.820 L AUC: 0.927 o AUC: 0.994
¢ Cl: 0.721-0.919 ’ Cl: 0.826-1.000 ’ Cl: 0.979-1.000
0.0 T T T T 0.0 ¥ T T T T 0.0 T T T T
0.0 02 04 0.6 08 1.0 0.0 02 04 0.6 0.8 1.0 0.0 02 04 0.6 08 1.0
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)
COADREAD ESCA KIRC
D E o F oo
’,
0.8 » .
3 r 3
o o o
Zo. = 06 Eo
2 = 2
=0 D 04 @ 0.
=4 =4 c
@ o] @
(%] , (%] [%]
0.2 1 - ERO1A 0.2 1 ERO1A 0.2 e ERO1A
i AUC: 0.897 AUC: 0.823 i AUC: 0.918
’ Cl: 0.868-0.926 Cl: 0.662-0.984 ’ Cl: 0.882-0.954
0.0 T T T T 0.0 T T T T 0.0 T T T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 02 04 0.6 0.8 1.0
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)
NSCLC PCPG STAD
1.0 1.0
4 ’ ’,
0.8 » 0.8 12 L
3 2 3 v 3 2
o Ry o e o »
£ 06 = 064 =
z . z o 2 .
= / 2 / = /
B 0.4 . B 0.4 . ®
= . C L4 =
@ ’ o] ©
(%] . %] . (%]
0.2 4 -t ERO1A 0.2 T ERO1A ERO1A
e AUC: 0.962 < AUC: 0.995 AUC: 0.801
, Cl: 0.951-0.972 ’ Cl: 0.984-1.000 Cl: 0.674-0.928
0.0 T T T T 0.0 T T T T 0.0 T T T T
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)
UCEC
J o
0.8 1.4
o b2
o »
E 06
2 s
= ’
B 041 .
j=s L4
[ ’
” Ve
0.2 4 i ERO1A
o AUC: 0.849
’ - g
00 Cl: 0.797I 0.900

0.0 0.2 04 0.6 08 1.0
1-Specificity (FPR)

Figure 3. The diagnostic value by ROC curve of ERO1A in pan-cancer. A (BLCA); B (CESC); C (CHOL); D (COADREAD); E

(ESCA); F (KIRC); G (NSCLC); H (PCPG); I (STAD), J (UCEC).

Hazard ratios (HR) were calculated with a 95% confidence interval (CI), and
statistical significance was set at P < 0.05.

Gene Ontology (GO) and Pathway Enrichment Analysis

To explore the biological processes and pathways associated with ERO1A,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed on co-expressed genes. The
clusterProfiler R package was used for GO analysis focusing on biological
processes (BP), cellular components (CC), and molecular functions (MF).
KEGG pathway enrichment was conducted using the DAVID database and
the results were visualized using bar plots and bubble charts. Differences were
considered significant at FDR-adjusted P-values of < 0.05.

Immune Cell Infiltration Analysis

Immune cell infiltration was evaluated using CIBERSORT, which deconvo-
luted bulk RNA-seq data to estimate the proportions of 22 immune cell types
within tumor samples. The association between ERO1A expression and im-
mune infiltration levels was further validated using the TIMER platform, fo-
cusing on helper T cells (Th cells) and regulatory T cells (Tregs). Correlations
between ERO1A expression and immune cell infiltration were computed using

Spearman’s rank correlation, with significance defined as P < 0.05.

Statistical Analysis

All statistical analyses were conducted using the R software (v4.0.5). Group
comparisons of gene expression were performed using the Wilcoxon rank-sum
test or t-test, as appropriate. Log-rank tests were used for survival analysis and
correlations between variables were assessed using Spearman’s rank correla-
tion. P < 0.05 was set as the threshold for statistical significance across < 0.05.

3. Result

Result 1: Differential Expression of ERO1A in Pan-Cancer and Its Re-
dox-Related Functions

In our analysis of TCGA database, we investigated the differential expression
of ERO1A across various cancer types (Figure 1A). The results showed that
EROI1A was significantly upregulated in breast cancer (BRCA), colon adeno-
carcinoma (COAD), hepatocellular carcinoma (LIHC), and lung adenocarcino-
ma (LUAD), with expression levels markedly higher than those in normal tis-
sues. However, in pancreatic adenocarcinoma (PAAD) and thymoma (THYM),
the differences in ERO1A expression did not reach statistical significance. This
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Figure 3. The diagnostic value by ROC curve of ERO1A in pan-cancer. A (BLCA); B (CESC); C (CHOL); D (COADREAD); E

(ESCA); F (KIRC); G (NSCLC); H (PCPG); I (STAD), J (UCEC).

heterogeneous expression suggests that ERO1A may influence tumor initiation
and progression in specific cancers through distinct redox regulatory mecha-
nisms. Further analysis of differential ERO1A expression between cancer and
normal tissues (Figure 1B) indicated significant upregulation in breast cancer,
lung adenocarcinoma, and hepatocellular carcinoma. Notably, as a critical
endoplasmic reticulum oxidoreductase, ERO1A plays an essential role in the
formation of disulfide bonds during protein folding and in the regulation of
cellular redox homeostasis. Therefore, upregulation of ERO1A in these cancer
types may lead to increased oxidative stress within the endoplasmic reticulum,
thereby affecting tumor cell proliferation and survival. Moreover, high ERO1A
expression was significantly associated with a poor prognosis in certain cancer
patients (Figure 1C), particularly in LUAD and LUSC. This indicates that
beyond its role as a redox enzyme in basic metabolic regulation within cells,
overexpression of ERO1A may exacerbate oxidative stress, thereby promoting
cancer cell growth and disease progression.

Result 2: Association Between ERO1A Expression and Patient Survival,
and the Impact of Redox Function

Kaplan-Meier survival curves and log-rank tests were used to compare overall
survival between high and low ERO1A expression groups. Cox proportional
hazards regression was performed with adjustments for age, gender, tumor
stage, and other relevant clinical variables. The adjusted hazard ratios (HRs)
showed that high ERO1A expression remained significantly associated with
poor prognosis across multiple cancer types, particularly LUAD (HR = 1.87,
95% CI: 1.45-2.42, P < 0.001). These results indicate that ERO1A is an inde-
pendent prognostic factor. (Figure 2A-G). This finding suggests a significant
correlation between high ERO1A expression and poor prognosis. As an endo-
plasmic reticulum oxidoreductase, the upregulation of ERO1A may increase
intracellular oxidative stress, enhancing the ability of cancer cells to cope with
oxidative stress, thereby promoting malignant proliferation and anti-apoptotic
characteristics. Additionally, we analyzed the effect of EROIA expression on
survival using the Cox proportional hazards regression model (Figure 2H).
The analysis revealed that ERO1A was associated with a higher risk of death

across several cancer types, particularly LUAD, where the hazard ratios (HR)
were significantly elevated (P < 0.05). This indicates that ERO1A is not only
a key regulator of redox balance, but its overexpression may also enhance
cellular tolerance to endoplasmic reticulum stress within the tumor microenvi-
ronment, leading to a more aggressive cancer cell phenotype, which ultimately
affects long-term patient survival. These findings collectively suggest that
EROI1A, as a critical enzyme regulating redox reactions, may drive tumor pro-
gression and deterioration across multiple cancer types through the regulation
of intracellular redox states. This not only supports its potential as a prognostic
biomarker, but also reveals its possible role as a target in future anti-cancer
therapies.

Result 3: Diagnostic Performance of ERO1A in Different Cancers and the
Impact of Its Redox Function

To evaluate the potential of ERO1A as a diagnostic biomarker for cancer, we
conducted a receiver operating characteristic (ROC) curve analysis and calcu-
lated the area under the curve (AUC) for different cancer types (Figure 3). The
results showed that ERO1A exhibited extremely high diagnostic efficiency
in cervical cholangiocarcinoma (CHOL, AUC = 0.994), Pheochromocytoma
and Paraganglioma (PCPG, AUC = 0.995), and non-small cell lung cancer
(NSCLC, AUC = 0.962). This suggests that EROIA may serve as a reliable
biomarker for early diagnosis of these cancers, particularly in those associated
with oxidative stress, where changes in its expression levels could indicate
imbalances in tumor cell metabolism and redox states. We further performed a
time-dependent ROC curve analysis to assess the prognostic predictive ability
of EROI1A in different cancer types (Figure 4). The results demonstrated that
high EROIA expression was significantly associated with poor prognosis in
Kidney Chromophobe (KICH), cervical cancer (CESC), and pancreatic ade-
nocarcinoma (PAAD), with high AUC values at the 1-year and 3-year survival
points. These data suggest that ERO1A not only serves as a diagnostic tool
but also effectively predicts patient survival, particularly in cancers associated
with redox-related metabolic dysregulation. Abnormal ERO1A expression
may exacerbate redox imbalances in cancer cells and influence disease pro-
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Figure 5. Expression groups in LIHC and GO/KEGG analysis. A ( Volcano map of DEGs (red: upregulation; blue: downregula-

tion)); B (GO and KEGG enrichment analysis); C (GO enrichment analysis data distribution characteristics).

gression. As an endoplasmic reticulum oxidoreductase, ERO1A’s ability to
regulate protein folding and redox states underscores its critical role in the
tumor microenvironment. Its overexpression can enhance cellular oxidative
stress responses and exacerbate oxidative damage, leading to malignant tumor
progression. With its high AUC values across multiple cancers, ERO1A pos-
sesses significant diagnostic and prognostic value and could potentially serve
as a target for future therapeutic strategies aimed at regulating redox reactions
in tumor cells.

Result 4: High/low expression groups in LIHC and GO/KEGG analysis

In our analysis, we identified 3,011 genes that met the screening criteria of
[log2(FC)| > 1 and adjusted p-value < 0.05. Figure 5 shows the expression
patterns in LIHC, along with the results from GO and KEGG pathway en-
richment analyses. Under these criteria, 2,128 genes were found to be highly
expressed (positive logFC), whereas 883 genes exhibited low expression
(negative logFC). According to the results displayed in Figure 5B, the primary
biological processes enriched by these genes included fatty acid metabolism,
cell adhesion, and endoplasmic reticulum stress response. KEGG analysis
showed enrichment in pathways such as drug metabolism, cytochrome P450,
and fatty acid degradation, suggesting their potential involvement in metabolic
reprogramming and redox balance regulated by ERO1A (Figure 5B). KEGG
pathway analysis further revealed a significant enrichment of ERO1A-regulat-
ed genes in metabolic pathways, including the drug metabolism-cytochrome
P450 pathway (Figure 5C). In particular, genes in the cytochrome P450
enzyme family, such as CYP2A6, CYP1A2, and CYP2B6, were significant-
ly downregulated in cancer samples with high ERO1A expression. These
enzymes are crucial for drug metabolism and detoxification, suggesting that
EROI1A may influence tumor cell adaptation by modulating these pathways,
potentially contributing to drug resistance. These graphical representations
summarize and highlight the key biological processes and pathways enriched
by the differentially expressed genes, making it easier to interpret their func-
tional implications.

Result 5: ERO1A Co-expression and Redox Regulation in LIHC

To further investigate the molecular mechanisms of ERO1A in liver hepato-
cellular carcinoma (LIHC) and its impact on redox balance, we performed
co-expression gene analysis (Figures 6A, 7A). Spearman correlation analysis

revealed that high ERO1A expression was significantly positively correlated
with multiple genes involved in redox reactions, protein folding, and cell
signaling. Notably, ADAM10, EXOCS5, FBX034, and HIF1A were co-upregu-
lated with ERO1A in LIHC. Among these, HIF 1A, a critical factor in hypoxia
response, showed a particularly strong correlation (R = 0.634, P < 0.001),
suggesting that ERO1A may enhance cancer cell tolerance to oxidative stress
by regulating hypoxia and redox homeostasis, thus promoting cancer cell sur-
vival and growth under malignant conditions (Figure 6B). Conversely, ERO1A
showed a significant negative correlation with several metabolism-related
genes (Figure 7B) including ACSM2A (involved in fatty acid metabolism),
ADII (energy metabolism), and HAAO (oxidative metabolism). The down-
regulation of these genes in LIHC with high ERO1A expression suggests that
EROI1A may drive metabolic reprogramming and redox imbalance, thereby
enhancing cancer cell survival. Specifically, the downregulation of HAAO
could impair antioxidant defenses, allowing cancer cells to better adapt to ox-
idative stress within the tumor microenvironment. As a key oxidoreductase in
the endoplasmic reticulum, ERO1A regulates the formation of disulfide bonds
during protein folding and plays a pivotal role in maintaining intracellular re-
dox balance. Through co-expression gene analysis in LIHC, we demonstrated
that ERO1A modulates oxidative stress and metabolic pathways, thereby con-
tributing to cancer progression. These findings further support the potential of
EROI1A as a therapeutic target for LIHC.

Result 6: Correlation Between ERO1A and Immune Cell Infiltration and
Its Regulatory Role in Redox Reactions

To investigate the potential role of ERO1A in the tumor microenvironment, we
analyzed the correlation between ERO1A expression levels and infiltration of
various immune cells (Figures 8A, 8B, 8C). High ERO1A expression was sig-
nificantly associated with the infiltration of helper T (Th) and Th2 cells (R =
0.299, R = 0.288, P < 0.001). Th2 cells are known to facilitate tumor immune
evasion by promoting an immunosuppressive microenvironment. This finding
suggests that ERO1A may indirectly suppress cytotoxic T-cell responses, re-
ducing the efficacy of anti-tumor immunity. Future studies could investigate
whether targeting ERO1A alters Th2-mediated immune suppression, poten-
tially improving the response to immune checkpoint inhibitors.. In contrast,
EROI1A also exhibited a significant negative correlation with certain immuno-
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Figure 6. Top 30 genes positively correlated with ERO1A expression in LIHC. A (The gene co-expression heatmap of the top 30
genes positively correlated with ERO1A in LUAD); B-I (association analysis of the top 8 genes and ERO1A in the heatmap).

suppressive cells such as Th17 cells and plasmacytoid dendritic cells (pDC) (R
=-0.304, R =-0.256, P < 0.001). This negative correlation might indicate that
EROIA enhances tumor invasiveness and immune evasion capabilities in a
tumor microenvironment with high oxidative stress by suppressing the activity
of some immunosuppressive cells. High ERO1A expression was associated
with increased infiltration of Th2 cells, which are known to promote immune
evasion by creating an immunosuppressive tumor microenvironment. This
suggests that ERO1A may indirectly suppress cytotoxic immune responses,
contributing to tumor progression. Targeting ERO1A could potentially enhance
the efficacy of immunotherapy by reducing oxidative stress-induced immune
suppression. Further studies are required to elucidate the precise mechanisms
by which ERO1A affects immune cell activity.These findings provide new
insights into the potential of developing redox-based immunotherapy targets,
suggesting that ERO1A might be a key modulator of the interplay between
oxidative stress and immune regulation within the tumor microenvironment.

4. Discussion

This study revealed significant overexpression of EROIA in various cancers
and its multiple effects on tumor development. First, through analysis of
TCGA database, we found that EROI1A is significantly upregulated in several
cancer types, including breast cancer, hepatocellular carcinoma, and lung ad-
enocarcinoma. This high expression is closely associated with poor prognosis
in patients with cancer, particularly among those with lower survival rates,
where high ERO1A expression is significantly correlated with an increased
risk of mortality. Furthermore, the high area under the curve (AUC) values
for ERO1A across different cancer types indicated its high diagnostic efficacy,
especially in cervical squamous cell carcinoma, kidney renal clear cell car-
cinoma, and non-small cell lung cancer, suggesting ERO1A’s potential as a
diagnostic biomarker for cancer. Based on these findings, EROIA is not only
significant for cancer diagnosis and prognostic prediction, but also plays a crit-
ical role as an endoplasmic reticulum oxidoreductase in regulating tumor re-

dox reactions, metabolic pathways, and the tumor immune microenvironment.
In summary, ERO1A influences cancer cell proliferation, metabolic repro-
gramming, and immune evasion by regulating the intracellular redox balance.
This study provides new insights into the molecular mechanisms of ERO1A in
cancer, and its potential application as a therapeutic target.

Redox reactions play a dual role in cancer initiation and progression. While
moderate oxidative stress can induce apoptosis, redox imbalance in many
cancer types often promotes cancer cell growth and dissemination’. Reactive
oxygen species (ROS), as key molecules in redox reactions, when accumulat-
ed excessively, lead to DNA damage, gene mutations, increased cell prolifer-
ation, and formation of a tumor-supportive microenvironment"'”. Meanwhile,
tumor cells adapt to high ROS levels by activating antioxidant systems, such
as upregulating the Nrf2-KEAP1 pathway, thereby enhancing their tolerance
to oxidative stress and promoting malignant transformation'®, Oxidative stress
contributes to tumor development through various mechanisms in different
cancers. For example, in breast cancer, excessive ROS not only increases
the rate of genetic mutations but also promotes cancer cell proliferation and
angiogenesis by activating the MAPK and PI3K/AKT signaling pathways"®
" Similarly, in hepatocellular carcinoma, oxidative stress-induced NF-kB
activation enhances cancer cell survival, promotes inflammatory responses,
and accelerates tumor dissemination by upregulating angiogenic factors"*.
These mechanisms highlight the crucial role of redox imbalances in multiple
cancer types. As a key oxidoreductase in the endoplasmic reticulum, ERO1A
regulates the intracellular redox status by promoting disulfide bond formation
during protein folding. In this study, we found that ERO1A was significantly
upregulated in breast cancer, hepatocellular carcinoma, and lung adenocarci-
noma, suggesting that its overexpression may enhance ROS production, there-
by promoting cancer cell proliferation and survival. This finding is consistent
with recent studies indicating that excessive ERO1A may further increase
ROS levels, thereby activating pro-tumor signaling pathways, such as HIF-
la and VEGF, which promote angiogenesis and tumor metastasis'”. In other
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Figure 7. Top 30 genes negatively correlated with ERO1A expression in LIHC. A (The gene co-expression heatmap of the top 30
genes negatively correlated with ERO1A in LIHC); B-I (association analysis of the top 8 genes and ERO1A in the heatmap)

types of cancers, redox imbalance is linked not only to cancer cell proliferation
and survival but also to treatment resistance. For instance, high ROS levels in
pancreatic cancer cells have been shown to enhance chemotherapy resistance
by upregulating the anti-apoptotic protein Bcl-2"". These examples demon-
strate that the protumorigenic roles of ROS vary across different cancer types
and are complex and multifaceted. Based on our findings, redox abnormalities
promote tumor progression by activating ROS-dependent pro-tumorigenic sig-
naling pathways, driving the metabolic reprogramming of cancer cells, and en-
hancing their adaptability to a malignant microenvironment. As a central factor
in regulating the redox balance, ERO1A may play a crucial role in promoting
malignant transformation by aiding cancer cell survival under oxidative stress
conditions. Therefore, ERO1A and its regulated redox pathways are promising
targets for future cancer therapy.

EROIA regulates multiple metabolic pathways through its redox functions in
the endoplasmic reticulum and plays an important role in fatty acid metabo-
lism, the cytochrome P450 pathway, and oxidative protein folding®™"**. Our
study further revealed that high ERO1A expression was significantly associ-
ated with the upregulation of genes involved in fatty acid metabolism, sug-
gesting that ERO1A may facilitate cancer cell adaptation to a highly stressed
microenvironment by modulating metabolic pathways. This metabolic repro-
gramming not only promotes cancer cell proliferation but also enhances their
ability to withstand oxidative stress in a malignant microenvironment. In terms
of redox regulation, ERO1A is closely involved in the formation of disulfide
bonds in proteins, and its activity is mediated by protein disulfide isomerase
(PDD)*. The ERO1A-PDI complex generates hydrogen peroxide (H/O(]) as
a by-product, thereby exacerbating intracellular oxidative stress””". Although
moderate levels of ROS can act as signaling molecules to regulate cell prolif-
eration and survival, excessive accumulation of ROS may trigger endoplasmic
reticulum stress and apoptosis. Gene function enrichment analysis indicated
that cancer cells with high ERO1A expression showed significant upregulation
of redox-related genes, suggesting that disruptions in fatty acid metabolism

and redox balance may enhance ROS generation and improve cancer cell
tolerance to oxidative stress. This implies that ERO1A in tumors can regulate
metabolic pathways via redox reactions, thereby promoting tumor progression.
Moreover, the overexpression of ERO1A may also be associated with the reg-
ulation of the cytochrome P450 pathway, which could further influence drug
metabolism and the survival capability of cancer cells. This mechanism sug-
gests that targeting EROIA and the associated redox pathways may aid in the
development of new therapeutic strategies, particularly for cancers that rely on
oxidative stress.

In the tumor microenvironment, redox reactions are crucial not only for the
survival and proliferation of cancer cells but also for profoundly influencing
tumor immune evasion through regulation of immune cell activity™ >, As
a key factor in regulating redox balance, high expression of ERO1A may
influence the tumor immune microenvironment by enhancing ROS levels.
Our study found that “high ERO1A expression was significantly positively
correlated with the infiltration of various immune cells, particularly helper
T (Th) and Th2 cells, suggesting that ERO1A may promote tumor immune
evasion by enhancing the activity of immunosuppressive cells.” This finding is
consistent with existing studies, which indicate that redox imbalance not only
promotes cancer cell survival, but also alters the tumor microenvironment,
making it more immunosuppressive™. In various types of cancers, ROS mod-
ulate immune cell infiltration and function through redox regulatory networks.
For instance, high ROS levels in breast cancer can promote immune evasion
by inhibiting T-cell function”. Recent research has shown that ROS impair
the anti-tumor ability of T cells by inhibiting their metabolism and function,
including suppressing glycolysis, thereby weakening their proliferative and
effector capabilities™”. In our study, high ERO1A expression was associated
with a reduction in immunosuppressive cells such as Th17 cells, suggesting
that ERO1A may facilitate malignant progression by regulating immune
evasion mechanisms. This finding further supports the potential of targeting
EROIA as a modulator of immune response. Additionally, the role of ERO1A
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Figure 8. Immune infiltration correlation and PPI interaction network. A (Correlation map of ERO1A in lung adenocarcinoma and

different immune cell subsets); B (ERO1A PPI protein interaction network); C (Correlation analysis of different immune cell subsets).

in cancer diagnosis and prognosis is widely recognized. Kaplan-Meier surviv-
al curves and Cox regression analysis indicated that high ERO1A expression
was closely associated with poor prognosis in patients with breast cancer
and hepatocellular carcinoma. This aligns with the mechanisms observed in
other studies, where ROS promote cancer cell resistance to apoptosis and
metabolic reprogramming®™. The high AUC values of ERO1A further support
its potential as a diagnostic biomarker, particularly in cancers with elevated
ROS levels, where changes in ERO1A expression could serve as an import-
ant reference for the early detection of tumor initiation and progression’.
In PAAD and THYM, the differences in ERO1A expression did not reach
statistical significance, potentially due to limited sample sizes or unique tumor
microenvironment characteristics in these cancer types. For instance, pancre-
atic adenocarcinoma is known for its dense stromal components, which may
obscure the effects of ERO1A. Similarly, the thymic environment’s specialized
immune functions could influence redox dynamics. These results highlight the
need for cancer-specific investigations to elucidate ERO1A’s role. In conclu-
sion, ERO1A influences cancer cell survival, immune evasion, and treatment
resistance by regulating the tumor immune microenvironment and redox bal-
ance. Thus, ERO1A is an important subject of study for cancer diagnosis and
prognosis prediction, and as a potential therapeutic target.

This study revealed the multiple roles of EROIA in cancers, particularly its
functions in regulating redox balance, metabolic reprogramming, and the
tumor immune microenvironment. However, this research primarily relies on

bioinformatics analyses and lacks experimental validation. Specific mecha-
nisms, such as how ERO1A affects immune cell function and ROS production
across different cancer types, require further confirmation using in vitro and
in vivo experiments. Future studies should explore the differential roles of
EROI1A in various cancers, particularly ROS-dependent cancers. In particular,
experimental validation could involve inhibiting ERO1A activity or upregu-
lating antioxidant pathways to assess their direct effects on tumor growth and
immune evasion. Additionally, the feasibility of targeting ERO1A as a thera-
peutic target should be evaluated using both in vitro and in vivo models, and
its potential as a combination treatment strategy should be investigated. In the
future, antioxidant therapies targeting ERO1A could be combined with other
anti-cancer strategies, such as immune checkpoint inhibitors and chemothera-
py, to potentially provide new therapeutic options for specific cancer patients.
Potential therapeutic approaches targeting ERO1A include small-molecule
inhibitors to block its enzymatic activity, RNA-based therapies like siRNA
to suppress its expression, and monoclonal antibodies to disrupt its function.
Challenges such as achieving specificity, effective drug delivery, and minimiz-
ing off-target effects must be addressed in future research. Combining ERO1A
inhibitors with existing treatments, such as immune checkpoint inhibitors,
could also be explored as a synergistic strategy. Further more future studies
should involve experimental validation to confirm the findings of this study.
Specific experiments could include ERO1A knockdown or overexpression in
vitro to examine its effects on ROS levels and cancer cell survival, as well as
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in vivo models to investigate its role in tumor progression and immune eva-
sion. This study relies on TCGA datasets, which, while comprehensive, may
have inherent limitations such as sample bias and lack of uniformity in data
collection. Additionally, the findings are based on bioinformatics analyses
without experimental validation. Future research should focus on multi-center
validation using clinical samples to confirm the diagnostic and prognostic
value of EROIA. In-depth functional studies, including animal models and
patient-derived organoids, are also essential to understand the precise role of
EROIA and to explore its potential as a therapeutic target.

This study provides an in-depth analysis of ERO1A expression and its reg-
ulatory mechanisms in various cancers, revealing its significant role as an
endoplasmic reticulum oxidoreductase. ERO1A promotes cancer cell survival,
proliferation, and immune evasion by regulating intracellular redox balance
and metabolic pathways. Particularly, in cancers that depend on high ROS
levels, high ERO1A expression is closely associated with poor prognosis,
highlighting its importance in cancer diagnosis, prognostic prediction, and as
a potential therapeutic target. Further elucidation of the specific mechanisms
of ERO1A, along with clinical validation of its feasibility as a biomarker and
therapeutic target, holds promise for offering new directions and strategies for
cancer diagnosis and treatment.

5. Conclusion

This study reveals the crucial role of EROIA in various cancers, finding it
significantly upregulated in breast, liver, and lung adenocarcinoma, with high
expression linked to poor patient outcomes. Mechanistic insights show that
EROI1A influences tumor progression by modulating oxidative stress and
redox balance, affecting key pathways like lipid metabolism and cytochrome
P450, and promoting tumor immune escape through immune cell infiltration
in the tumor microenvironment. These findings suggest ERO1A as a potential
biomarker for cancer prognosis and offer new targets for redox-based cancer
therapies, advancing personalized treatment.
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