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ALDH2 as an immunological and prognostic 
biomarker
Insights from pan-cancer analysis
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Abstract 
Aldehyde dehydrogenase 2 (ALDH2) plays a critical role in safeguarding cells against acetaldehyde toxicity and is closely 
linked to human metabolism. Nevertheless, the involvement of ALDH2 in cancer remains enigmatic. This investigation seeks to 
comprehensively assess ALDH2’s significance in pan-cancer. We conducted an all-encompassing analysis of pan-cancer utilizing 
multiple databases, including TCGA, linkedomicshs, UALCAN, and Kaplan–Meier plotter. We employed diverse algorithms such 
as EPIC, MCPCOUNTER, TIDTIMER, xCell, MCP-counter, CIBERSORT, quanTIseq, and EPIC to examine the connection between 
ALDH2 expression and immune cell infiltration. Single-cell sequencing analysis furnished insights into ALDH2’s functional status in 
pan-cancer. Immunohistochemical staining was performed to validate ALDH2 expression in cancer tissues. In a comprehensive 
assessment, we observed that tumor tissues demonstrated diminished ALDH2 expression levels compared to normal tissues 
across 16 different cancer types. ALDH2 expression exhibited a significant positive correlation with the infiltration of immune 
cells, including CD4 + T cells, CD8 + T cells, neutrophils, B cells, and macrophages, in various tumor types. Moreover, this study 
explored the association between ALDH2 and patient survival, examined the methylation patterns of ALDH2 in normal and 
primary tumor tissues, and delved into genetic variations and mutations of ALDH2 in tumors. The findings suggest that ALDH2 
could serve as a valuable prognostic biomarker in pan-cancer, closely linked to the tumor’s immune microenvironment.

Abbreviations: ACC = Adrenocortical Cancer, ALDH2 = aldehyde dehydrogenase 2 family member, BLCA = Bladder Urothelial 
Carcinoma, BRCA = Breast Invasive Carcinoma, CESC = Cervical and Endocervical Cancers, CHOL = Cholangiocarcinoma, 
COAD = Colorectal Adenocarcinoma, DLBC = Diffuse Large B-cell Lymphoma, ESCA = Esophageal Carcinoma, GBM = 
Glioblastoma, HNSC = Head and Neck Squamous Cell Carcinoma, KICH = Kidney Chromophobe, KIRC = Kidney Clear Cell 
Carcinoma, KIRP = Kidney Papillary Cell Carcinoma, LAML = Acute Myeloid Leukemia, LGG = Lower Grade Glioma, LIHC = liver 
hepatocellular carcinoma, LUAD = Lung Adenocarcinoma, LUNG = Lung Cancer, LUSC = Lung Squamous Cell Carcinoma, MESO 
= Mesothelioma, OV = Ovarian Serous Cystadenocarcinoma, PAAD = Pancreatic Adenocarcinoma, PCPG = Pheochromocytoma 
and Paraganglioma, PRAD = Prostate Adenocarcinoma, READ = Rectum Adenocarcinoma, SARC = Sarcoma, SKCM = Skin 
Cutaneous Melanoma, STAD = Stomach Adenocarcinoma, TGCT = Testicular Germ Cell Tumors, THCA = Thyroid Carcinoma, 
THYM = Thymoma, UCEC = Uterine Corpus Endometrial Carcinoma, UVM = Uveal Melanoma.
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1. Introduction
The paramount task in comprehending the intricate tumori-
genesis process involves the identification and characterization 
of pan-cancer genes. Various publicly funded cancer genom-
ics databases and repositories, such as The Cancer Genome 
Atlas (TCGA), offer comprehensive functional genomics data-
sets linked to various cancer types. These resources facilitate 

in-depth pan-cancer analyses.[1] Among the genes of inter-
est, one noteworthy candidate is aldehyde dehydrogenase 2 
(ALDH2), a member of the aldehyde dehydrogenase family.[2] 
ALDH2 is renowned for its participation in the oxidation- 
reduction reactions involving ethanol and endogenous alde-
hydes, emanating from lipid oxidation processes.[3] The 
malfunction of ALDH2 has strong associations with various 
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diseases, including diabetes, cardiovascular disorders, osteopo-
rosis, and a range of cancers.[4–7] Reduced ALDH2 expression 
leads to the accumulation of aldehyde by products, including 
acetaldehyde, 4-hydroxy-2-nonenal (4-HNE), and malondial-
dehyde (MDA), which have been correlated with an increased 
incidence of cancer.[8] Multiple investigations underscore 
the considerable impact of ALDH2 on tumor prognosis and 
therapeutic approaches. For instance, the East Asian-specific 
ALDH2*2 missense mutation is recognized as a genetic risk 
factor for upper aerodigestive tract cancers, contributing to 
heightened cancer susceptibility, accelerated disease progres-
sion, and a less favorable prognosis.[9] Existing research also 
suggests that ALDH2 may play a role in tumor prolifera-
tion by metabolizing specific endogenous substrates, such as 
4-HNE.[10] Hence, it is imperative to attain a comprehensive 
comprehension of the molecular characteristics and clinical 
significance of ALDH2 in human cancers. An exploration of 
the atypical expression and genomic alterations in ALDH2 
holds promise for uncovering valuable insights into its role in 
cancer prognosis and treatment.

In this study, we performed a comprehensive pan-cancer anal-
ysis by comparing ALDH2 expression profiles across various 
cancer types, utilizing data sourced from the TCGA database. 
Beyond expression analysis, we considered multiple factors, 
including survival status, genetic alterations, protein expres-
sion, and DNA methylation, to gain a holistic understanding of 
ALDH2’s involvement in cancer. This extensive analysis uncov-
ered potential molecular mechanisms related to ALDH2 in the 
development and clinical prognosis of numerous human can-
cers. Furthermore, we delved into potential molecular mecha-
nisms and biological functions of ALDH2 in the pathogenesis of 
diverse cancers, examining aspects such as immune cell infiltra-
tion and single-cell sequencing. To validate our bioinformatics 
findings, we conducted immunohistochemical staining (IHC) 
to confirm ALDH2 expression in various cancer samples. Our 
primary objective in this research was to conduct a methodi-
cal and comprehensive investigation into the molecular alter-
ations, prognosis, and therapeutic potential of ALDH2 across 
33 distinct cancer types. Previous studies have indicated the 
prevalence of both ALDH2 expression and genetic alterations 
in various cancers. Therefore, we embarked on an exploration 
of the relationship between ALDH2 and cancer, as well as its 
clinical significance.

By evaluating the correlation between ALDH2 and cancer, 
along with its clinical relevance, we identified ALDH2 as a 
potential biomarker for immune therapy assessment and prog-
nosis analyses. The significance of our research lies in its poten-
tial applications in translational medicine. Our findings provide 
valuable insights into the role of ALDH2 in cancer and have 
the potential to pave the way for the development of targeted 
therapies and personalized treatment approaches.

2. Methods

2.1. Gene expression analysis

We obtained RNAseq data (level 3) and clinical informa-
tion for 33 distinct tumor types from The Cancer Genome 
Atlas (TCGA) database, accessible at https://portal.gdc.
com. Statistical analysis was conducted using R software 
version 4.0.3. The Mann–Whitney U test was employed to 
identify variations between two groups, with statistical sig-
nificance defined at a P value threshold of < .05.To inves-
tigate the differences in ALDH2 expression across various 
cancer types compared to normal tissues, we utilized data 
from the Genotype-Tissue Expression (GTEx) database, ver-
sion 8, available at https://gtexportal.org/home/datasets. The 
statistical analysis was executed using R software version 
4.0.3, and all expression data underwent log2 transforma-
tion for standardization.[11] For an integrative approach, we 

referred to the Open Targets platform, accessible at https://
www.targetvalidation.org/. This platform integrates genet-
ics, chemistry, and genomics data to identify genes associ-
ated with diseases, facilitating systematic drug targeting and 
prioritization.[12]

2.2. Protein expression analysis

We conducted a study of methylation levels and protein expres-
sion levels of ALDH2 in various cancers and their correspond-
ing adjacent tissues using the UALCAN database, which can 
be accessed at http://ualcan.path.uab.edu/analysis.html.[13] 
The significance of differences was assessed using t-tests, and 
a P-value below 0.05 was deemed statistically significant. 
Furthermore, we utilized GSCALite, available at http://bioinfo.
life.hust.edu.cn/web/GSCALite/, to explore the relationship 
between ALDH2 expression levels and its promoter methyla-
tion levels.[14]

2.3. For the survival prognosis analysis

We utilized RNAseq data (level 3) for 33 distinct tumor 
types, along with their corresponding clinical information, 
which was obtained from The Cancer Genome Atlas data-
base at https://portal.gdc.com. We performed univariate Cox 
regression analysis and visualized the results using the “for-
estplot” R package to present p-values, hazard ratios (HR), 
and 95% confidence intervals (CI). The statistical analysis 
was conducted using R software version 4.0.3.To evaluate 
the relationship between various factors and prognosis, which 
encompasses overall survival (OS), progression-free survival 
(PFS), disease-specific survival (DSS), and disease-free survival 
(DFS),[15] we employed the Mann–Whitney U test to identify 
differences between two data groups, with statistical signifi-
cance defined as a P value below .05. For the analysis of sur-
vival curves, we conducted Kaplan–Meier (KM) survival curve 
analysis using the “survival” and “Survminer” packages in R. 
Additionally, we utilized the Kaplan–Meier Plotter, accessible 
at https://kmplot.com/analysis/. This online tool allowed us to 
assess the impact of 54,000 genes on survival rates across 21 
cancer types.[16]

2.4. Gene enrichment analysis

We performed a functional module analysis based on 
LinkedOmics, available at http://www.linkedomics.org/login.
php. This analysis focused on differently expressed genes asso-
ciated with the ALDH2 gene in LIHC (liver hepatocellular 
carcinoma).[17]

2.5. Immune infiltration analysis

We utilized RNAseq data (level 3) for 33 different tumor types, 
along with their corresponding clinical information from the 
TCGA database at https://portal.gdc.com. To carry out reli-
able assessments related to immune factors, we employed 
the immunedeconv R package, which integrates six state-of-
the-art algorithms, including TIMER, xCell, MCP-counter, 
CIBERSORT, EPIC, and quanTIseq.[18] Statistical analysis was 
conducted using R software version 4.0.3. We used the Mann–
Whitney U test to determine differences between two sets of 
data, considering a P value less than .05 as statistically signif-
icant. In the heatmap visualization, the x-axis represents dif-
ferent cancer types, the y-axis represents various immune cell 
types, and different colors indicate the correlation coefficients 
(*P < .05, **P < .01, ***P < .001, ****P < .0001). This anal-
ysis offers insights into the relationship between ALDH2 and 
immune cell infiltration across different cancer types.

https://portal.gdc.com
https://portal.gdc.com
https://gtexportal.org/home/datasets
https://www.targetvalidation.org/
https://www.targetvalidation.org/
http://ualcan.path.uab.edu/analysis.html
http://bioinfo.life.hust.edu.cn/web/GSCALite/
http://bioinfo.life.hust.edu.cn/web/GSCALite/
https://portal.gdc.com
https://kmplot.com/analysis/
http://www.linkedomics.org/login.php
http://www.linkedomics.org/login.php
https://portal.gdc.com
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2.6. Analysis of genetic variations

To investigate genetic variations, we employed the cBioPortal 
tool available at https://www.cbioportal.org/. This tool enabled 
us to gather information regarding the occurrence, categoriza-
tion, and spatial distribution of modifications in protein struc-
tures, alterations in copy numbers (CNAs), as well as shifts in 
the three-dimensional structure within the entire TCGA tumor 
dataset.[19]

2.7. Analyzing ALDH2 correlation in 14 functional states 
across diverse cancer types

To investigate the association between ALDH2 expression and 
functional states across various single-cell datasets, we utilized 
the CancerSEA Portal, as originally outlined by Yuan et al in 
2019. Our selection criteria for significance included a correla-
tion strength exceeding 0.3 and a P value below .05.[20]

2.8. Analysis of drug sensitivity and pathway activity

In our research, we harnessed the power of GSCALite, accessi-
ble at http://bioinfo.life.hust.edu.cn/web/GSCALite/. This tool 
facilitated the integration of data from the GDSC and CTRP 
cancer cell line databases, encompassing both drug sensitiv-
ity and gene expression profiles. We assessed the relationship 
between ALDH2 gene expression in the genome and the sen-
sitivity of small molecules/drugs (IC50) through Spearman 
correlation analysis. Furthermore, we examined variations 
in ALDH2 gene expression among functional groups catego-
rized by pathway activity scores, including both activation and 
inhibition.[14]

2.9. Immunohistochemistry (IHC)

To assess the differential expression of ALDH2 at the pro-
tein level, we retrieved IHC (immunohistochemistry) images 
depicting ALDH2 protein expression in normal tissues and 11 
distinct tumor types, including THCA, LUAD, Lung Squamous 
Cell Carcinoma (LUSC), STAD, Kidney Renal Clear Cell 
Carcinoma (KIRC), Bladder Urothelial Carcinoma (BLCA), 
and Skin Cutaneous Melanoma (SKCM), from the Human 
Protein Atlas (HPA) at http://www.proteinatlas.org.[21] To fur-
ther provide clinical evidence regarding the prognostic and 
immune roles of ALDH2 in human cancer through bioin-
formatics methods, and taking into account notable findings 
in lung cancer based on prior TCGA database analysis, we 
secured ethical approval for sample collection for immuno-
histochemistry. Lung cancer was chosen as the representative 
TCGA cancer for validation experiments. We collected tumor 
tissue paraffin sections, and these were subsequently subjected 
to appropriate immunohistochemical procedures. This study 
was approved by the Medical Ethics Committee of the Bengbu 
Medical College [(2022) No. 121] and was conducted in 
accordance with the Declaration of Helsinki. A mouse mono-
clonal anti-human ALDH2 antibody (1:400, batch number: 
bsm-51466M, from Beijing Boaosen Biotechnology Co., Ltd.) 
was used in these experiments.

2.10. Statistical analysis

Our statistical analysis was conducted using R software version 
4.0.3. To compare the expression levels of ALDH2 between 
normal and tumor tissues, we applied the Wilcoxon rank-sum 
test. For evaluating survival outcomes, we utilized Kaplan–
Meier curves and performed univariate Cox regression analysis. 
Correlations were assessed using the Spearman correlation coef-
ficient. We considered P values less than .05 to be statistically 
significant.

3. Results

3.1. ALDH2 mRNA expression levels in various cancer 
tissues

In our analysis of ALDH2 mRNA expression levels in all 33 
cancer types from the TCGA database, we observed a signif-
icant decrease in ALDH2 expression in tumor tissues com-
pared to corresponding adjacent normal tissues in the majority 
of cancer types. This difference reached statistical significance 
(P < .05) in the following cancer types: Bladder Urothelial 
Carcinoma (BLCA), Breast Invasive Carcinoma (BRCA), 
Cholangiocarcinoma (CHOL), Colon Adenocarcinoma 
(COAD), Glioblastoma Multiforme (GBM), Head and Neck 
Squamous Cell Carcinoma (HNSC), Kidney Chromophobe 
(KICH), KIRC, Liver Hepatocellular Carcinoma (LIHC), Lung 
Adenocarcinoma (LUAD), LUSC, Pheochromocytoma and 
Paraganglioma (PCPG), Prostate Adenocarcinoma (PRAD), 
Sarcoma (SARC), Thyroid Carcinoma (THCA), and Uterine 
Corpus Endometrial Carcinoma (UCEC).Conversely, we found 
no significant difference in ALDH2 expression in Esophageal 
Carcinoma (ESCA), Cervical and Endocervical Cancers (CESC), 
Kidney Renal Papillary Cell Carcinoma (KIRP), Pancreatic 
Adenocarcinoma (PAAD), Rectum Adenocarcinoma (READ), 
Stomach Adenocarcinoma (STAD), SKCM, and Thymoma 
(THYM) (Fig. 1A).

By integrating data from TCGA and GTEx, we identified 
variations in ALDH2 transcript levels across different can-
cer types. Notably, ALDH2 expression showed an increase in 
COAD, Diffuse Large B-Cell Lymphoma (DLBC), KIRP, Lower 
Grade Glioma (LGG), and PAAD compared to their respective 
normal tissues. In contrast, ALDH2 expression decreased in 
Adrenocortical Carcinoma (ACC), Bladder Urothelial Carcinoma 
(BLCA), BRCA, Cervical Squamous Cell Carcinoma (CISC), 
Liver Hepatocellular Carcinoma (LIHC), CHOL, Esophageal 
Carcinoma (ESCA), Glioblastoma Multiforme (GBM), HNSC, 
KICH, Kidney Renal Clear Cell Carcinoma (KIRC), LUAD, 
LUSC, Stomach Adenocarcinoma (STAD), Ovarian Serous 
Cystadenocarcinoma (OV), PCPG, Prostate Adenocarcinoma 
(PRAD), SARC, Skin Cutaneous Melanoma (SKCM), Thyroid 
Carcinoma (THCA), Uterine Corpus Endometrial Carcinoma 
(UCEC), and Uterine Carcinosarcoma (USC) (Fig. 1B).

To further investigate the potential role of ALDH2 in tumor 
progression, we examined its expression trends across various 
pathological stages in all TCGA cancer types. Our findings 
revealed that ALDH2 expression increased with tumor progres-
sion in LUSC, Esophageal Carcinoma (ESCA), HNSC, Uterine 
Carcinosarcoma (USC), CHOL, Thyroid Carcinoma (THCA), 
Uterine Corpus Endometrial Carcinoma (UCEC), Bladder 
Urothelial Carcinoma (BLCA), LUAD, BRCA, Skin Cutaneous 
Melanoma (SKCM), and Ovarian Serous Cystadenocarcinoma 
(OV), suggesting a potentially significant role for ALDH2 in the 
progression of these cancers (Figure S1, Supplemental Digital 
Content, http://links.lww.com/MD/M159).

Furthermore, network analysis of disease interactions 
revealed that ALDH2 has multiple functional associations with 
various diseases, including cardiovascular diseases, gastroin-
testinal diseases, respiratory or pulmonary diseases, immune 
system diseases, musculoskeletal or connective tissue diseases, 
mental disorders, neurological disorders, cancers or benign 
tumors, skin diseases, endocrine and urinary system diseases, 
infectious diseases, and post-infectious complications (Figure 
S2, Supplemental Digital Content, http://links.lww.com/MD/
M160).

3.2. ALDH2 protein expression and methylation in various 
tumors

Considering the pivotal role of ALDH2 protein in biolog-
ical functions, we conducted a detailed investigation into the 

https://www.cbioportal.org/
http://bioinfo.life.hust.edu.cn/web/GSCALite/
http://www.proteinatlas.org
http://links.lww.com/MD/M159
http://links.lww.com/MD/M160
http://links.lww.com/MD/M160
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variations in ALDH2 protein levels between tumor and nor-
mal tissues. Our findings revealed a significant downregulation 
of total ALDH2 protein in several cancer types compared to 
normal tissues. These cancers included Clear Cell Renal Cell 
Carcinoma, Lung Adenocarcinoma, Head and Neck Squamous 
Cell Carcinoma, Pancreatic Adenocarcinoma, Pleomorphic 
Astrocytoma, Hepatocellular Carcinoma, Breast Cancer, 
Ovarian Cancer, and Colon Cancer (Fig. 2).

In addition to protein levels, we also assessed the differences 
in ALDH2 methylation levels between cancer and normal tissues. 
Our analysis demonstrated significantly decreased DNA methyla-
tion levels in ALDH2 for Bladder Urothelial Carcinoma (BLCA), 
HNSC, Uterine Corpus Endometrial Carcinoma (UCEC), BRCA, 
Kidney Renal Clear Cell Carcinoma (KIRC), Testicular Germ 
Cell Tumors (TGCT), Prostate Adenocarcinoma (PRAD), PAAD, 
CESC, LUSC, Esophageal Carcinoma (ESCA), LUAD, PCPG, 
Thyroid Carcinoma (THCA), and Rectum Adenocarcinoma 
(READ) when compared to normal tissues (Figure S3, 
Supplemental Digital Content, http://links.lww.com/MD/M161).

Furthermore, we conducted Spearman correlation coefficient 
calculations using GSCALite, which unveiled a prevailing neg-
ative correlation between ALDH2 gene expression and DNA 
methylation levels. Only a limited number of instances exhibited 
a positive correlation (Figure S4, Supplemental Digital Content, 
http://links.lww.com/MD/M162).

3.3. ALDH2 prognostic survival analysis across multiple 
cancers

We conducted an extensive assessment of the relation-
ship between ALDH2 expression and patient prognosis in 
a pan-cancer dataset. Our analysis encompassed survival 

indicators such as Overall Survival (OS), Disease-Specific 
Survival (DSS), Progression-Free Survival (PFS), and Disease-
Free Survival (DFS). Utilizing Cox regression analysis across 
33 types of cancer, we observed a significant correlation 
between ALDH2 expression and OS in 13 specific cancer 
types. These included ACC, HNSC, KICH, Kidney Renal Clear 
Cell Carcinoma (KIRC), Kidney Renal Oncocytoma (KIRO), 
LGG, Liver Hepatocellular Carcinoma (LIHC), LUAD, LUSC, 
Mesothelioma (MESO), Skin Cutaneous Melanoma (SKCM), 
Thyroid Carcinoma (THCA), THYM, and Uterine Corpus 
Endometrial Carcinoma (UCEC) (Fig. 3A). Notably, in most 
of these cases, except for THCA, LUSC, and THYM, the 
Hazard Ratio (HR) was less than 1, indicating a potential 
protective influence.

“In-depth investigation into the correlation between 
ALDH2 expression and cancer prognosis, particularly 
Overall Survival (OS), was carried out using Kaplan–Meier 
survival curves. Remarkably, ALDH2 expression exhibited a 
significant association with a total of 11 cancer types, namely 
endometrial cancer, renal clear cell carcinoma, hepatocel-
lular carcinoma, cervical squamous cell carcinoma, breast 
cancer, lung squamous cell carcinoma, bladder cancer, thy-
roid cancer, sarcoma, lung adenocarcinoma, and head and 
neck squamous cell carcinoma. Among these, ALDH2 had 
an adverse impact in three cancer types, specifically, lung 
squamous cell carcinoma (OS: HR = 1.52 (1.13–2.05), log-
rank P = .006), bladder cancer (OS: HR = 1.62 (1.1–2.39), 
log-rank P = .014), and thyroid cancer (OS: HR = 2.9 (1.08–
7.81), log-rank P = .028).

Simultaneously, ALDH2 exhibited a protective effect in 
eight other cancer types, including endometrial cancer (OS: 
HR = 0.46 (0.3–0.7), log-rank P = .00021), renal clear cell 

Figure 1. Expression of the ALDH2 gene. (A) Expression distribution of ALDH2 in tumor tissues and normal tissues based on TCGA database. (B) Expression 
distribution of ALDH2 in tumor tissues and normal tissues based on TCGA + GTEx database. *P < .05, **P < .01, ***P < .001, asterisks denote significance 
level (*P).

http://links.lww.com/MD/M161
http://links.lww.com/MD/M162
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carcinoma (OS: HR = 0.64 (0.47–0.87), log-rank P = .0035), 
hepatocellular carcinoma (OS: HR = 0.42 (0.29–0.6), log-
rank P = 1.3e-06), cervical squamous cell carcinoma (OS: 
HR = 0.54 (0.34–0.88), log-rank P = .012), breast can-
cer (OS: HR = 0.64 (0.45–0.91), log-rank P = .013), sar-
coma (OS: HR = 0.57 (0.38–0.85), log-rank P = .0055), 
lung adenocarcinoma (OS: HR = 0.62 (0.46–0.83), log-rank 
P = .0013), and head and neck squamous cell carcinoma 
(OS: HR = 0.65 (0.49–0.85), log-rank P = .0013) (Figure 
S5B, Supplemental Digital Content, http://links.lww.com/
MD/M163). Additionally, Kaplan–Meier analysis of pTNM 
staging indicated that the overall survival rate of patients 
with Bladder Cancer (BLCA), Uterine Corpus Endometrial 
Carcinoma (UCES), LUSC, Thyroid Carcinoma (THCA), 
Breast Invasive Carcinoma (BRCA), HNSC, Skin Cutaneous 
Melanoma (SKCM), LUAD, Esophageal Carcinoma (ESCA), 
and CHOL decreased as the tumor stage progressed (Figure 
S5A, Supplemental Digital Content, http://links.lww.com/
MD/M163). In the context of Disease-Specific Survival (DSS), 
ALDH2 expression was found to influence DSS in nine cancer 
types, including BRCA, Kidney Renal Clear Cell Carcinoma 
(KIRC), KIRP, LGG, Liver Hepatocellular Carcinoma (LIHC), 
LUAD, MESO, Skin Cutaneous Melanoma (SKCM), and 
Uterine Corpus Endometrial Carcinoma (UCEC) (Fig. 3B). We 
also assessed the relationship between ALDH2 expression and 
Disease-Free Survival (DFS). ALDH2 expression was found to 
impact DFS in Prostate Adenocarcinoma (PRAD) (Fig. 3C). 
Moreover, regarding Progression-Free Survival (PFS), ALDH2 
expression was found to be influential in Breast Invasive 
Carcinoma (BRCA), Kidney Renal Clear Cell Carcinoma 
(KIRC), KIRP, Lower Grade B-Cell Lymphoma (DLBC), 
LUAD, LGG, MESO, Rectum Adenocarcinoma (READ), 
Skin Cutaneous Melanoma (SKCM), and Uterine Corpus 
Endometrial Carcinoma (UCEC) (Fig. 3D).

3.4. The co-expression network of ALDH2 and its role in 
liver hepatocellular carcinoma (LIHC)

To uncover the biological significance of ALDH2 in LIHC, we 
conducted a co-expression network analysis within the LIHC 
cohort. As illustrated in Figure 4A, we identified 3407 genes 
(depicted as dark red dots) that exhibited significant positive 
correlations with ALDH2, while 7823 genes (depicted as dark 
green dots) displayed significant negative correlations with 
ALDH2, with a false discovery rate (FDR) less than 0.01. 
The heatmap in Figure 4B showcases the top 50 genes posi-
tively correlated with ALDH2 expression and the top 50 genes 
negatively correlated with ALDH2 expression. Remarkably, 
ALDH2 expression demonstrated strong positive correlations 
with SLC27A5 (FDR, r = 0.794, P = 7.46E-82), IVD (r = 0.764, 
P = 2.99972E-72), and PCK2 (r = 0.762, P = 9.08073E-72).

We further investigated the impact of the expression of these 
top 50 positively and negatively correlated genes on overall sur-
vival in LIHC. Among the top 50 positively correlated genes, 
it is highly likely that they are associated with higher risk in 
LIHC, as they all displayed high Hazard Ratios (HR) (P < .05). 
Conversely, among the top 50 negatively correlated genes, 
except for PLEKHG2, it is most likely that they are associated 
with lower risk in LIHC, as these genes exhibited lower HR val-
ues (P < .05) (Table 1). These findings suggest that ALDH2 may 
be implicated in the upregulation of LIHC risk factors and the 
downregulation of LIHC protective factors, thereby promoting 
the onset and progression of LIHC.

Gene Set Enrichment Analysis (GSEA) using Gene 
Ontology (GO) term annotations unveiled that the co- 
expressed genes with ALDH2 are primarily involved in pro-
cesses such as fatty acid metabolism, coenzyme metabolism, 
cellular amino acid metabolism, lipid catabolic processes, 
and steroid metabolism (Fig. 4C). Conversely, activities 

Figure 2. Expression levels of ALDH2 protein in different tumors. Based on the CPTAC dataset, we analyzed the expression levels of total ALDH2 protein 
between normal tissues and primary tumors in the selected tumors. (A) GBM. (B) COAD. (C) OV. (D) LIHC. (E) LUAD. (F) HNSC. (G) BRCA. (H) PAAD. (I) KIRC.

http://links.lww.com/MD/M163
http://links.lww.com/MD/M163
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associated with double-strand break repair, cell cycle G1/S 
phase transition, RNA localization, and DNA metabolic 
processes are suppressed. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis indicated that the 
co-expressed genes are mainly enriched in pathways such as 

retinol metabolism, cytochrome P450-mediated metabolism 
of exogenous compounds, fatty acid degradation, and deg-
radation of valine, leucine, and isoleucine (Fig. 4C). These 
results suggest that ALDH2 exerts broad effects on the 
metabolism of LIHC cells.

Figure 3. Relationship between ALDH2 expression and cancer patient survival. (A–D) Forest plot of ALDH2 hazard ratios in 33 types of tumors.
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3.5. Immunoinfiltration analysis results

For robust immune-related correlation assessments, we har-
nessed the power of immunedeconv, an R software package that 
amalgamates six cutting-edge algorithms, including TIMER, 
xCell, MCP-counter, CIBERSORT, EPIC, and quanTIseq. Our 
goal was to explore the correlation between ALDH2 and various 
levels of immune cell infiltration. The results unveiled a signifi-
cant association between ALDH2 and CD4 + T cells, CD8 + T 
cells, B cells, neutrophils, and macrophages across pan-cancer 
patients (Fig. 5).

In specific cancer types such as Glioblastoma (GBM), PAAD, 
and Skin Cutaneous Melanoma (SKCM), ALDH2 exhibited 
a notable positive correlation with CD4 + T cells. Conversely, 

in Bladder Urothelial Carcinoma (BLCA), Breast Invasive 
Carcinoma (BRCA), Cervical Squamous Cell Carcinoma (CESC), 
Head and Neck Squamous Cell Carcinoma (HNSC), PCPG, and 
SKCM, ALDH2 demonstrated a significant positive correlation 
with CD8 + T cells. However, in Liver Hepatocellular Carcinoma 
(LIHC), Stomach Adenocarcinoma (STAD), Testicular Germ 
Cell Tumors (TGCT), and THYM, ALDH2 exhibited a signif-
icant negative correlation with CD8 + T cells.

In COAD and Thyroid Carcinoma (THC), ALDH2 displayed 
a significant negative correlation with neutrophils. Conversely, 
in BLCA, BRCA, CESC, GBM, HNSC, KICH, Ovarian Serous 
Cystadenocarcinoma (OV), and SKCM, ALDH2 showed a sig-
nificant positive correlation with B cells, while in COAD, KIRP, 

Figure 4. Co-expressed genes with ALDH2 in HCC. (A) Co-expression of ALDH2 with all genes in HCC. (B) Co-transcription of the top 50 positively correlated 
genes and the top 50 negatively correlated genes with ALDH2 in HCC. (C) Gene Ontology Biological Process (GO_BP) and KEGG pathway analysis (GSEA) of 
ALDH2-associated genes in HCC.
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LIHC, Rectum Adenocarcinoma (READ), STAD, and THYM, 
ALDH2 exhibited a significant negative correlation with B cells.

In Bladder Urothelial Carcinoma (BLCA), Breast Invasive 
Carcinoma (BRCA), Diffuse Large B-Cell Lymphoma (DLBC), 
HNSC, KIRP, Acute Myeloid Leukemia (LAML), LUSC, 
Ovarian Serous Cystadenocarcinoma (OV), PAAD, PCPG, Skin 
Cutaneous Melanoma (SKCM), Testicular Germ Cell Tumors 

(TGCT), Thymoma (THYM), and Uveal Melanoma (UVM), 
ALDH2 displays a significant positive correlation with mac-
rophages. In contrast, in COAD and Rectum Adenocarcinoma 
(READ), ALDH2 demonstrates a significant negative correla-
tion with macrophages.

Moreover, in Bladder Urothelial Carcinoma (BLCA), Breast 
Invasive Carcinoma (BRCA), COAD, Diffuse Large B-Cell 

Table 1

Overall survival analysis of the top 50 genes positively and negatively correlated with ALDH2 in HCC.

Pos Genes HR logrank P Neg Genes HR logrank P 

aldehyde dehydrogenase 2 family member 0.42 (0.29–0.6) .00 BCL2 antagonist/killer 1 1.88 (1.26–2.8) .00
solute carrier family 27 member 5 0.52 (0.36–0.74) .00 BEN domain containing 3 1.94 (1.34–2.82) .00
isovaleryl-CoA dehydrogenase 0.47 (0.32–0.68) .00 RAD9-HUS1-RAD1 interacting nuclear orphan 1 1.81 (1.28–2.57) .00
phosphoenolpyruvate carboxykinase 2, mitochondrial 0.54 (0.38– 0.77) .00 TOPBP1 interacting checkpoint and replication 

regulator
1.95 (1.38–2.77) .00

acyl-CoA synthetase medium chain family member 2A 0.5 (0.35–0.71) .00 suppressor APC domain containing 2 2.17 (1.52–3.09) .00
tetratricopeptide repeat domain 36 0.48 (0.32– 0.7) .00 caspase 2 1.89 (1.32–2.7) .00
lactate dehydrogenase D 0.55 (0.38–0.8) .00 cell division cycle associated 4 2.07 (1.31–3.28) .00
enoyl-CoA hydratase and 3-hydroxyacyl CoA 

dehydrogenase
0.61 (0.42 –0.87) .01 cyclin dependent kinase 16 2.16 (1.53–3.06) .00

glycine-N-acyltransferase like 1 0.47 (0.32–0.7) .00 centromere protein A 2.33 (1.65–3.29) .00
phosphatidylethanolamine binding protein 1 0.55 (0.38– 0.79) .00 centrosomal protein 55 2.62 (1.83–3.75) .00
4-aminobutyrate aminotransferase 0.49 (0.34–0.69) .00 CCR4-NOT transcription complex subunit 6 2.2 (1.52–3.17) .00
hydroxysteroid 17-beta dehydrogenase 6 0.48 (0.34–0.69) .00 DEP domain containing 1B 2.14 (1.4–3.28) .00
alcohol dehydrogenase 1B (class I), beta polypeptide 0.57 (0.4–0.81) .00 glucose-6-phosphate dehydrogenase 2.52 (1.77–3.59) .00
methylenetetrahydrofolate dehydrogenase, cyclohydrolase 

and formyltetrahydrofolate synthetase 1
0.63 (0.45–0.89) .01 GIT ArfGAP 1 1.98 (1.38–2.84) .00

glycine-N-acyltransferase like 1 0.58 (0.39–0.86) .01 glucosamine-6-phosphate deaminase 1 2.19 (1.54–3.13) .00
cytochrome b5 type A 0.55 (0.38–0.8) .00 G2 and S-phase expressed 1 2 (1.41–2.85) .00
SEC14 like lipid binding 2 0.5 (0.35–0.71) .00 inhibitor of nuclear factor kappa B kinase subunit 

epsilon
1.78 (1.16–2.72) .01

acyl-CoA synthetase medium chain family member 2B 0.51 (0.35–0.74) .00 interleukin enhancer binding factor 3 1.55 (1.07–2.24) .02
dicarbonyl and L-xylulose reductase 0.58 (0.4– 0.84) .00 kinesin family member 23 1.92 (1.36–2.71) .00
hydroxyacid oxidase 1 0.48 (0.32–0.73) .00 kinesin family member 2C 2.4 (1.66–3.46) .00
dimethylglycine dehydrogenase 0.47 (0.33–0.67) .00 La ribonucleoprotein 4B 1.84 (1.25–2.71) .00
cytochrome P450 family 4 subfamily F member 2 0.56 (0.38–0.82) .00 ceramide synthase 5 1.81 (1.2–2.72) .00
coagulation factor XI 0.45 (0.31–0.65) .00 LIM domain kinase 1 1.9 (1.34–2.69) .00
glyoxylate and hydroxypyruvate reductase 0.55 (0.38–0.78) .00 lamin B2 1.77 (1.23–2.56) .00
alpha-2-glycoprotein 1, zinc-binding 0.61 (0.43–0.86) .00 microtubule associated protein RP/EB family 

member 1
1.6 (1.12–2.29) .01

cytochrome P450 family 8 subfamily B member 1 0.6 (0.42–0.85) .00 mediator complex subunit 22 2.15 (1.51–3.07) .00
aspartate dehydrogenase domain containing 0.47 (0.31–0.73) .00 major facilitator superfamily domain containing 10 1.63 (1.16–2.3) .00
hydroxyacylglutathione hydrolase 0.45 (0.32–0.63) .00 myelin protein zero like 1 2.03 (1.37–2.99) .00
acetyl-CoA acetyltransferase 1 0.41 (0.29–0.59) .00 myotubularin related protein 2 2.39 (1.69–3.38) .00
malonyl-CoA decarboxylase 0.66 (0.45–0.95) .03 MYB proto-oncogene like 2 2.29 (1.62–3.24) .00
enoyl-CoA hydratase domain containing 2 0.52 (0.37–0.74) .00 NDRG family member 3 1.83 (1.28–2.6) .00
sulfite oxidase 0.45 (0.31–0.64) .00 phosphodiesterase 7A 1.53 (1.08–2.16) .02
cell death inducing DFFA like effector b 0.56 (0.39–0.79) .00 phosphatidylinositol glycan anchor biosynthesis 

class S
1.71 (1.21–2.41) .00

catalase 0.44 (0.3–0.65) .00 pyruvate kinase M2 2.07 (1.45–2.95) .00
tyrosine aminotransferase 0.49 (0.35–0.7) .00 pleckstrin homology and RhoGEF domain containing 

G2
1.33 (0.94–1.88) .11

ATP binding cassette subfamily C member 6 0.45 (0.31–0.65) .00 plexin A1 1.98 (1.4–2.8) .00
cysteine dioxygenase type 1 0.51 (0.36–0.72) .00 PNMA family member 1 1.93 (1.36–2.72) .00
carboxypeptidase N subunit 2 0.53 (0.38–0.76) .00 regulator of chromosome condensation 2 2.22 (1.54–3.19) .00
complement C8 alpha chain 0.59 (0.42–0.83) .00 ring finger protein 24 2 (1.42–2.84) .00
carboxylesterase 2 0.7 (0.48–1.02) .06 SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily a, member 4
1.63 (1.13–2.35) .01

glutaryl-CoA dehydrogenase 0.48 (0.34–0.67) .00 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily d, member 1

2.22 (1.53–3.22) .00

sterol carrier protein 2 0.51 (0.36–0.73) .00 SMYD family member 5 2.01 (1.41–2.86) .00
retinol binding protein 4 0.35 (0.25–0.5) .00 spermatogenesis associated serine rich 2 2.39 (1.68–3.39) .00
retinol binding protein 4 0.65 (0.46–0.91) .01 syntaxin 6 1.91 (1.34–2.73) .00
solute carrier family 10 member 1 0.46 (0.32–0.66) .00 transcription factor 3 1.56 (1.1–2.21) .01
methionine adenosyltransferase 1A 0.59 (0.42–0.83) .00 TPD52 like 2 1.98 (1.4–2.8) .00
aquaporin 9 0.52 (0.36–0.75) .00 tripartite motif containing 59 1.64 (1.15–2.33) .01
apolipoprotein C4 0.52 (0.36–0.75) .00 TYRO3 protein tyrosine kinase 1.88 (1.28–2.76) .00
speedy/RINGO cell cycle regulator family member C 0.52 (0.36–0.75) .00 VPS37C subunit of ESCRT-I 1.61 (1.14–2.28) .01
selenium binding protein 1 0.6 (0.42–0.85) .00 YEATS domain containing 2 2.23 (1.56–3.21) .00
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Figure 5. Correlation between ALDH2 expression levels and tumor-associated infiltration of CD4 + T cells, CD8 + T cells, B cells, macrophages, neutrophils, 
and endothelial cells. (A–C) Heatmaps of Spearman correlation analysis between CD4 + T cell, CD8 + T cell, B cell, macrophage, neutrophil, and endothelial 
cell immune infiltration scores and ALDH2 gene expression using TIMER, MCP-counter, and EPIC algorithms in multiple tumor tissues. The x-axis represents 
different tumor tissues, the y-axis represents different immune infiltration scores, and different colors represent correlation coefficients. Negative values indicate 
negative correlation, while positive values indicate positive correlation. The stronger the correlation, the darker the color. *P < .05, **P < .01, ***P < .001, aster-
isks denote significance level (*P). The significance between the two groups of samples was determined by the Wilcoxon test.
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Lymphoma (DLBC), Glioblastoma (GBM), HNSC, KIRP, 
LAML, LGG, LUAD, LUSC, MESO, PAAD, PCPG, Skin 
Cutaneous Melanoma (SKCM), Testicular Germ Cell Tumors 
(TGCT), Thymoma (THYM), and UVM, ALDH2 demonstrates 
a significant correlation with M1 or M2 macrophages (Figure 
S6, Supplemental Digital Content, http://links.lww.com/MD/
M164).

3.6. Genetic alterations of ALDH2 across multiple cancers

The genetic alterations of ALDH2 in various cancers were 
examined using the cBioPortal TCGA Pan-Cancer Atlas data-
base. Notably, the highest alteration frequency of ALDH2, 
approximately 3.41%, was observed in patients with endome-
trial cancer (Figure S7, Supplemental Digital Content, http://
links.lww.com/MD/M165). Among the different cancer types 
within the TCGA Pan-Cancer cohort, mutations are the most 
common DNA alterations, with a prominent presence in endo-
metrial cancer, melanoma, esophageal and gastric cancer, and 
uveal melanoma (Fig. 6). It’s noteworthy that these mutations 
in ALDH2 within malignant tumors are distributed across all 
exons of the ALDH2 gene, without any specific hotspot muta-
tion sites identified (Figure S7, Supplemental Digital Content, 
http://links.lww.com/MD/M165). The most frequent mutation, 
K289Rfs122/Efs45 (Figure S8, Supplemental Digital Content, 
http://links.lww.com/MD/M166), is situated in the Aldedh 
domain region of ALDH2 and is predicted to be a frameshift 
mutation.

3.7. Functional states of ALDH2 in different cancer types

To gain deeper insights into the correlation and potential 
mechanisms of ALDH2 expression in various cancer types, 
we delved into the functional states of ALDH2 using the 
CancerSEA database. Single-cell-level analyses were conducted 
in 17 cancer types, including Acute Myeloid Leukemia (AML), 
Breast Cancer (BRCA), Retinoblastoma (RB), Renal Cell 
Carcinoma (RCC), Ovarian Cancer (OV), Oligodendroglioma 
(ODG), Colorectal Cancer (CRC), Glioma, Adrenocortical 

Carcinoma (AST), Head and Neck Squamous Cell Carcinoma 
(HNSCC), Uveal Melanoma (UM), Glioblastoma (GBM), 
Chronic Myeloid Leukemia (CML), LUAD, Melanoma (MEL), 
High-Grade Glioma (HGG), and Non-Small Cell Lung Cancer 
(NSCLC).

In AML, ALDH2 exhibits positive correlations with angio-
genesis (cor = 0.339, P < .001), differentiation (cor = 0.484, 
P < .001), Epithelial-Mesenchymal Transition (EMT) 
(cor = 0.358, P < .001), metastasis (cor = 0.382, P < .001), 
quiescence (cor = 0.529, P < .001), and stemness (cor = 0.408, 
P < .001).

In RB, ALDH2 demonstrates positive correlations with 
angiogenesis (cor = 0.535, P < .001), inflammation (cor = 0.413, 
P < .001), and differentiation (cor = 0.55, P < .001). Conversely, 
it exhibits negative correlations with the cell cycle (cor = −0.493, 
P < .001), DNA damage (cor = −0.383, P < .001), and DNA 
repair (cor = −0.561, P < .001).

In UM, ALDH2 displays negative correlations with apoptosis 
(cor = −0.467, P < .001), DNA repair (cor = −0.55, P < .001), 
DNA damage (cor = −0.545, P < .001), invasion (cor = −0.306, 
P < .001), metastasis (cor = −0.351, P < .001), and quiescence 
(cor = −0.327, P < .001) (Fig. 7).

3.8. Analysis of drug sensitivity and pathway enrichment 
involving ALDH2

In our analysis of drug sensitivity and pathway enrichment 
involving the ALDH2 gene across 33 tumors, we made the fol-
lowing observations:

The ALDH2 gene is primarily associated with key path-
ways such as epithelial-mesenchymal transition (EMT), TSC/
mTOR, RTK, RAS/MAPK, PI3K/AKT, hormone ER, hormone 
AR, DNA damage response, cell cycle, and apoptosis pathways 
(Fig. 8A).

In terms of drug sensitivity, high expression of ALDH2 is 
associated with resistance to 29 drugs in CTRP and 27 drugs 
in GDSC. Conversely, low expression of ALDH2 is associ-
ated with resistance to 1 drug in CTRP and 2 drugs in GDSC 
(Fig. 8B and C). These findings provide valuable insights into 

Figure 6. Genetic variations of ALDH2. Investigation of genetic variations of ALDH2 in tumors using cBioPortal – TCGA Pan-Cancer group study.

http://links.lww.com/MD/M164
http://links.lww.com/MD/M164
http://links.lww.com/MD/M165
http://links.lww.com/MD/M165
http://links.lww.com/MD/M165
http://links.lww.com/MD/M166
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how ALDH2 expression may impact drug responses across 
various cancers.

The validation of ALDH2 expression in diverse clini-
cal specimens involved the analysis of immunohistochemis-
try (IHC) staining in various cancer types. Here are the key 
findings:

Analysis of IHC staining in THCA, LUAD, LUSC, STAD, 
KIRC, BLCA, and SKCM using the Human Protein Atlas 
(HPA) database showed a decreased expression of ALDH2 at 
the protein level in cancer tissues compared to normal tissues. 
This aligns with the expression pattern of ALDH2 gene data 
obtained from the TCGA database (Fig. 9A).

Further validation of the bioinformatics-derived expression 
results included an evaluation of ALDH2 expression in tumor 
and adjacent tissues of various lung cancers, such as lung adeno-
carcinoma, lung squamous cell carcinoma, and lung mucinous 
adenocarcinoma, using IHC. The IHC results were consistent 
with the previous findings (Fig. 9B). This supports the observed 
downregulation of ALDH2 in cancer tissues compared to nor-
mal tissues.

These validations provide robust evidence of the differential 
expression of ALDH2 in cancer and normal tissues across var-
ious cancer types.

4. Discussion
In this investigation, we integrated diverse datasets from 
TCGA and GTEx databases, revealing consistent downregu-
lation of ALDH2 in neoplastic tissues across multiple cancer 
types, such as bladder, breast, glioblastoma, head and neck 
squamous cell carcinoma, kidney chromophobe, renal clear 
cell carcinoma, cholangiocarcinoma, liver hepatocellular car-
cinoma, lung adenocarcinoma, lung squamous cell carcinoma, 
pheochromocytoma, paraganglioma, prostate cancer, and sar-
coma (Fig. 1). This finding strongly implies the pivotal role of 
ALDH2 as a significant biological element in the context of 
various cancers.

We also assessed ALDH2’s prognostic significance within the 
TCGA cancer cohort, performing univariate Cox regression sur-
vival analysis using the R software with “forestplot” package. 
ALDH2 emerged as a favorable prognostic factor for OS and 
DSS in KIRC, LGG, MESO, SKCM, and UCEC. Conversely, it 
was associated with an adverse prognosis in THCA (Fig. 3). This 
dual role of ALDH2, acting as an adverse prognostic biomarker 
for THCA and THYM while serving as a tumor suppressor in 
ACC, HNSC, KICH, KIRC, KIRO, LGG, LIHC, LUAD, MESO, 
SKCM, and UCEC, suggests its potential utility.

Figure 7. Correlation between ALDH2 expression and 14 tumor functional states in pan-cancer tissues. Investigation of the correlation between ALDH2 expres-
sion and 14 cancer functional states using single-cell sequencing data from the CancerSEA database.
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Additional survival analysis using the Kaplan–Meier Plotter 
revealed that increased ALDH2 expression was linked to poorer 
OS prognosis in LUSC, BLCA, and THCA.

To validate our findings, we conducted clinical patient-based 
experiments, specifically examining ALDH2 expression, revealing 

downregulation in non-small cell tumor tissues compared to adja-
cent normal tissues (Fig. 9). These findings strongly support ALDH2 
as a versatile prognostic biomarker in various cancer types.

Indeed, it’s widely recognized that proteins play a pivotal 
role in executing diverse biological functions in the human 

Figure 8. Drug sensitivity analysis and pathway enrichment analysis of ALDH2. (A) Pathway enrichment analysis of ALDH2. (B) Correlation between drug sen-
sitivity in GDSC dataset and ALDH2 expression. (C) Correlation between drug sensitivity in CTRP dataset and ALDH2 expression.
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body. In our pursuit to comprehensively understand the role 
of the ALDH2 protein in the context of different cancer 
types, we observed a noteworthy pattern. When compared to 
their corresponding adjacent normal tissues, ALDH2 protein 

exhibited a significant downregulation in clear cell renal cell 
carcinoma, lung adenocarcinoma, head and neck squamous 
cell carcinoma, pancreatic cancer, pleomorphic glioblastoma, 
hepatocellular carcinoma, breast cancer, ovarian cancer, and 

Figure 9. ALDH2 immunohistochemistry. (A) Immunohistochemical images of ALDH2 in normal tissue (top) and tumor tissue (bottom).(a) BLCA. (b) THCA. (c) 
SKCM. (d) KIRC. (e) LUAD, LUSC. (f) STAD. (B) Expression of ALDH2 in non-small cell lung cancer. (a) Squamous cell carcinoma of the lung. (b) Adenocarcinoma 
of the lung. (c) Mucinous adenocarcinoma of the lung.
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colon cancer tissues. Conversely, no significant differences 
were observed in the expression levels of ALDH2 in other 
tumor types.

To further validate ALDH2’s consistently low expression 
in tumor tissues, we analyzed immunohistochemistry data 
from the Human Protein Atlas (HPA) database and per-
formed immunohistochemical staining on non-small cell lung 
cancer. These experiments aligned with ALDH2 expression 
patterns from TCGA data, emphasizing the consistency and 
reliability of our findings regarding ALDH2 downregulation 
in cancer tissues.

DNA methylation regulates gene expression and maintains 
gene silencing in normal cells. Dysregulation of DNA meth-
ylation is linked to diseases, including cancer.[22] Our research 
reveals consistent ALDH2 promoter methylation downregu-
lation in various cancers, primarily negatively correlated with 
ALDH2 gene expression, with few exceptions showing positive 
correlation.

Tumor-associated macrophages (TAMs) in the tumor micro-
environment (TME) have clinical implications and are associated 
with poor outcomes in many cancer types.[23,24] Macrophages 
can adopt M1 and M2 polarization states.[25]

T lymphocytes are crucial for anti-tumor immune responses, 
secreting cytokines like IL-2, IL-4, IL-5, IL-17, IL-21, IL-22, 
and IFN-γ into the TME.[26] Regulatory T (Treg) cells, a sub-
type of CD4 + T cells with immunosuppressive functions, can 
serve as biomarkers for colorectal cancer progression and 
treatment response.[27] Recent research has also highlighted 
the role of B cells and B cell-related pathways in the TME and 
immune responses, offering new avenues for cancer treatment 
strategies.[28,29]

In our study, we employed Pearson’s correlation coefficient 
to assess the relationship between ALDH2 gene expression 
and immune cell infiltration scores across various tumors. We 
observed significant positive correlations between ALDH2 and 
immune cell infiltration in the tumor microenvironment, par-
ticularly with macrophages, T cells, and B cells in most can-
cer types. Furthermore, our drug sensitivity analysis revealed 
that high ALDH2 expression is associated with drug resistance 
for specific drugs in the CTRP and GDSC datasets, empha-
sizing ALDH2’s complex and significant role in the tumor 
microenvironment.

The correlation between ALDH2 expression and tumor- 
associated macrophage (TAM) infiltration varied across differ-
ent tumor types. In cancers like BLCA, BRCA, DLBC, HNSC, 
PCPG, SKCM, LUSC, TGCT, and UVM, ALDH2 expres-
sion positively correlated with M1 macrophage infiltration. 
Conversely, in LGG, ALDH2 expression showed a significant 
negative correlation with M1 macrophage infiltration. ALDH2 
expression in BLCA, GBM, KIRP, LAML, LUAD, LUSC, MESO, 
PAAD, TGCT, and THYM significantly correlated positively 
with M2 macrophage infiltration. However, in COAD and LGG, 
ALDH2 expression displayed a significant negative correlation 
with M2 macrophage infiltration. These findings highlight the 
intricate relationship between ALDH2 and immune cell infiltra-
tion, which varies across different cancer types.

We used the LinkedOmics database to explore the co- 
expression network of ALDH2, with a focus on liver hepato-
cellular carcinoma (LIHC) to illustrate its potential role. Our 
analysis identified genes significantly correlated with ALDH2 
expression in LIHC, many of which exhibited abnormal 
expression patterns in LIHC and were associated with overall 
survival. This suggests that ALDH2 may be involved in reg-
ulatory networks with these co-expressed genes, potentially 
contributing to LIHC development. Our study, using Gene 
Set Enrichment Analysis (GSEA), revealed that this regulatory 
network primarily participates in retinol metabolism and fatty 
acid degradation. Vitamin A (retinol) is a micronutrient that 
plays a pivotal role in various cell types, influencing cell dif-
ferentiation and cellular metabolism.[30] Notably, our findings 

suggest that ALDH2 may potentially impact cellular differen-
tiation through its influence on vitamin A metabolism. Our 
findings suggest that ALDH2 may impact cellular differenti-
ation through its influence on vitamin A metabolism. These 
results align with recent research linking ALDH2 to hepatocel-
lular carcinoma (HCC) and indicating that inhibiting ALDH2 
downstream of the mTOR signaling pathway can promote 
tumor invasion in humans.[31]

To gain deeper insights into tumor progression mechanisms, we 
conducted a comprehensive single-cell level analysis of ALDH2 
expression across various cancers. Our results uncovered a signifi-
cant correlation between ALDH2 expression and critical processes 
such as angiogenesis, DNA damage, DNA repair, and inflamma-
tion.[32] Notably, previous studies have suggested that ALDH2 
might influence angiogenesis by interacting with the oxidative 
stress byproduct, 4-hydroxy-2-nonenal (4HNE).[33] These findings 
illuminate the multifaceted roles of ALDH2 in tumor progression 
and its potential implications in various biological processes.

While our study is comprehensive and meticulous, it is 
important to acknowledge specific limitations. Despite our 
extensive analysis of ALDH2 using various databases and 
rigorous cross-validation with R software v4.0.3, several con-
straints should be considered. First, differences in microarray 
and sequencing data from various databases may introduce 
variances, potentially leading to systematic biases due to a lack 
of granularity and specificity. Second, experimental validation is 
essential to corroborate our findings on the potential functions 
of ALDH2, which would bolster the credibility of our results. 
Third, while we have inferred a close correlation between 
ALDH2 expression, immune cell infiltration, and cancer prog-
nosis, direct evidence is needed to understand how ALDH2 
influences prognosis through its role in immune infiltration. The 
mechanisms underlying ALDH2’s involvement in immune reg-
ulation remain unknown, warranting further research to eluci-
date these pathways.

5. Conclusion
In summary, our comprehensive study investigates the intricate 
connections between ALDH2 expression and critical clinical 
parameters, including tumor stage and clinical prognosis. We 
also delve into the relationship between ALDH2 expression 
and DNA methylation, as well as its potential involvement in 
immune cell infiltration within tumors. This multi-dimensional 
analysis provides valuable insights into the potential impor-
tance of ALDH2 in the initiation and progression of various 
cancer types.
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