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Background: Aldehyde dehydrogenase 2 (ALDH2) is well-known to be a key enzyme in
alcohol metabolism. However, a comprehensive understanding of ALDH2 across human
cancers is lacking.

Methods: A systematic and comprehensive analysis of the molecular alterations and
clinical relevance for ALDH2 in more than 10,000 samples from 33 cancer types was
performed. gRT-PCR was performed on 60 cancer and 60 paired nontumor tissues.

Results: It was observed that ALDH2 was generally downregulated in most cancers,
which was mainly driven by DNA hypermethylation rather than mutations or copy
number variations. Besides, ALDH2 was closely related to the inhibition and activation
of tumor pathways and a variety of potential targeted agents had been discovered in
our research. Last but not least, ALDH2 had the best prediction efficacy in assessing
immunotherapeutic response compared with PD-L1, PD-1, CTLA4, CD8, and tumor
mutation burden (TMB) in cutaneous melanoma. According to the analysis of large-scale
public data and 60 pairs of clinical cancer samples, we found the downregulation of
ALDH2 expression tends to suggest the malignant phenotypes and adverse prognosis,
which might enhance the precise diagnosis and timely intervention of cancer patients.

Conclusion: This study advanced the understanding of ALDH2 across cancers, and
provided important insight into chemotherapy, immunotherapy and prognosis of patients
with cancer.
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INTRODUCTION

Aldehyde dehydrogenase 2 (ALDH2) is one of the aldehyde
dehydrogenase family of enzymes. As another member of
the aldehyde dehydrogenase family, ALDHI1 is widely known
for its key role in carcinogenesis and cancer treatment (1).
Nonetheless, ALDH2 is well-known to be a key enzyme in
alcohol metabolism and has a major contribution in oxidizing
endogenous aldehydic products arising from lipid peroxidation
such as 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde
under oxidative stress (2). The dysfunction of ALDH2 has
a tight correlation with multiple diseases such as diabetes,
cardiovascular disease, osteoporosis, and cancers (3). As the rate-
limiting enzyme of alcohol metabolism, ALDH?2 has a profound
impact on the clearance process of toxic acetaldehyde. Low
expression or genetic polymorphism of ALDH2 dramatically
reduce its enzyme activity, and the accumulation of acetaldehyde
can further damage normal cells and lead to cancers (4).

Previous studies have shown that ALDH2 has profound
impacts on the prognosis and treatment of tumors. For
example, prognostic analysis revealed the low expression of
ALDH2 indicated adverse overall survival (OS) in patients
with lung, liver, or bladder cancer (5, 6). Hou et al. have
demonstrated that ALDH2 modulates the adenosine 5 ’-
monophosphate (AMP) -activated protein kinase pathway in
mice, which in turn inhibits the progression of hepatocellular
carcinoma (7). ALDH2 has also been reported to regulate
tumor proliferation by catabolizing some endogenous substrates
derived from normal cell metabolism (e.g., 4-HNE) (8). In
addition, ALDH2 has been demonstrated to be tightly associated
with the sensitivity and resistance of multiple targeted drugs
including 4-Hydroxycyclophosphamide, Doxorubicin, Cisplatin,
Vincristine, and Disulfiram (9-12). Therefore, a comprehensive
understanding of ALDH2 on the molecular characterization
and clinical relevance across human cancers is necessary.
Understanding the abnormal expression and genomic alterations
of ALDH2 may help elucidate its role in cancer prognosis
and therapy.

In this study, we are committed to systematically and
comprehensively exploring the molecular alterations, prognosis,
and therapeutic value of ALDH2 in 33 cancer types. It
was proven that aberrant expression and genetic alterations
of ALDH2 are widespread in different types of cancer. By
assessing the correlation between ALDH2 and cancer pathway
activity as well as its clinical value, ALDH2 was found to be
a potential biomarker for immunotherapeutic evaluation and
prognostic stratification. In a word, our study demonstrates the
important value of ALDH?2 in cancer and lays the foundation for
translational medicine development of ALDH2.

MATERIALS AND METHODS

Multi-Omics Data of 33 Cancer Types in
TCGA

33 different cancer cohorts were collected from The Cancer
Genome Atlas Research Network (TCGA, https://portal.gdc.
cancer.gov/). The RNA-seq, copy number variation (CNV),

and survival information were downloaded from UCSC Xena
website  (https://xenabrowser.net/datapages/). The somatic
mutation (VarScan2 variant aggregation and masking) and
HumanMethylation450 array were derived from TCGA GDC
portal. Tumor mutation burden (TMB) was defined as the
total number of non-silent somatic mutations in each sample
(13). The correlation between methylation sites and ALDH2
expression was evaluated by Pearson Correlation Coefficient
and the methylation site with r < —0.3 and false discovery
rate (FDR) <0.05 was considered as hypermethylation. The
proteomics data were retrieved from the Clinical Proteomic
Tumor Analysis Consortium (CPTAC, https://proteomics.
cancer.gov/programs/cptac), and the protein expression levels of
ALDH?2 in human tumors and normal tissues were determined
by Human Protein Atlas (HPA, https://www.proteinatlas.org/).
See Supplementary Material for the detailed description.

Immunotherapeutic Cohorts

Three independent cohorts containing immunotherapy
information and expression data were retrieved from Gene
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/
geo/). (1) GSE100797: melanoma patients treated with adoptive
T cell therapy (ACT) (14); (2) GSE78220: melanoma patients
treated with anti-PD-1 (15); (3) GSE91061: melanoma patients
treated with anti-PD-1 (16). Based on the RECIST v1.1 criterion,
21 patients in GSE100797, 28 patients in GSE78220, as well as
49 patients in GSE91061 were finally determined. A detailed
description is provided in the Supplementary Material.

Estimation of Drug Response

Predicted responses of cancer patients to 138 anticancer drugs
were collected from existing studies to evaluate drug response
for TCGA samples (17). Half maximum inhibitory concentration
(IC50) was used to assess drug sensitivity. Besides, the correlation
between imputed drug response and ALDH2 mRNA expression
was calculated by Pearson correlation and drugs with top 10
|r] and FDR <0.05 were considered to be the latent targets
for ALDH2.

Oncogenic Pathway Activity and Immune

Infiltration Assessment

The FPKM normalized gene expression of TCGA database
was performed to Gene Set Variation Analysis (GSVA), which
is a non-parametric, unsupervised method for estimating
variation of gene set enrichment through the samples of an
expression data set. The correlation between ALDH2 and
oncogenic pathways was verified by Gene set enrichment analysis
(GSEA). 50 gene sets were enrolled from Molecular Signatures
Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/)
v7.2 Hallmark database and FDR <0.05 was considered
statistically significant. Single sample gene set enrichment
analysis (ssGSEA) algorithm implemented in GSVA package
was applied to estimate the relative infiltration abundance of
tumor microenvironment (TME) cells. The gene sets for marking
28 immune cell types were collected from Charoentong et
al. (18). Furthermore, we evaluated the correlation between
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FIGURE 1 | Multi-omics landscape of ALDH2 in cancers. (A) The expression of ALDH2 between normal and tumor tissue across human cancers. Wilcoxon rank-sum
test: *P < 0.05; **P < 0.01; **P < 0.001. (B) The log2 fold change (FC) and P-value distribution of ALDH2 between normal and tumor across human cancers. (C)
The immunohistochemical results displayed that lighter protein staining in tumor relative to normal tissue. (D) The protein level of ALDH2 between normal and tumor
across human cancers. (E) The mutation frequency of ALDH2 across 33 cancer types. (F) The copy number variation frequency of ALDH2 across 33 cancer types.
(G) Pearson correlation between the expression of ALDH2 and the methylation beta value of 15 corresponding CpG site. Hypermethylation represents the methylation
site with r < —0.3 and FDR <0.05.
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ALDH2 expression and pathway or cell activity using Pearson
correlation coefficient.

Human Cancer Specimens and Clinical

Information

A total of 60 cancer tissues and matched adjacent nontumor
tissues were enrolled from The First Affiliated Hospital of
Zhengzhou University, including 5 pairs of pancreatic cancers, 10
pairs of paired liver cancers, 5 pairs of bile duct cancers, and 40
pairs of colorectal cancers. All patients signed written informed
consent. See Supplementary Material for the inclusion criteria of
patients. The clinical characteristics of patients included gender,
clinical stage, distant metastasis status, lymph metastasis status,
vessel invasion status, nerve invasion status, disease-free survival
(DES), and OS. Refer to Supplementary Table S1 for details of
the baseline information.

RNA Preparation and Quantitative
Real-Time PCR

Total RNA was isolated from cancer tissues and paired adjacent
nontumor tissues with RNAiso Plus reagent (Takara, Dalian,
China) according to the manufacturer’s instructions. RNA quality
was evaluated using a NanoDrop One C (Waltham, MA, USA),
and RNA integrity was assessed using agarose gel electrophoresis.
An aliquot of 1 pg of total RNA was reverse-transcribed into
complementary DNA (cDNA) according to the manufacturer’s
protocol using a High-capacity cDNA Reverse Transcription kit
(TaKaRa BIO, Japan). Quantitative real-time PCR (qRT-PCR)
was performed using SYBR Assay I Low ROX (Eurogentec,
USA) and SYBR® Green PCR Master Mix (Yeason, Shanghai,
China) to detect the expression. The data were normalized to
the expression of GAPDH. The sequences of the primers were
as follows:

GAPDH forward (5-
AAAAT

GAPDH reverse (5- to 3’-): GGCTGTTGTCATACTTCT
CATGG

ALDH2 forward (5- to 3’-): GTTTGGAGCCCAGTAA
CCCTT

ALDH2 reverse (5- to 3’-):
GAATT.

to 3’-): GGAGCGAGATCCCTCC

CCCACACTCACAGTTTT

Statistical Analysis

The correlation between two variables was assessed using Pearson
correlation. Correlations with | r | > 0.3 and FDR < 0.05 were
significant and labeled as “SigCor” in the genomic analysis. The
survminer package was utilized to determine the optimal cut-
off value of ALDH2 expression based on survival information.
The survival package was employed for Kaplan-Meier survival
analysis and the different significance was defined by the log-
rank test. The pROC package was utilized to plot the receiver
operating characteristic (ROC) curves. The area under ROC
curve (AUC) was used to compare the accuracy of predicting
immunotherapeutic response of ALDH2, CD8, CTLA-4, PD-1,
PD-L1, and TMB. Differences in ALDH2 expression between
the two groups were compared by Wilcoxon rank sum test
or independent samples T-test. Multiple comparisons were

performed using ANOVA or Kruskal-Wallis tests. Paired T-
test was used to analyze ALDH2 expression differences between
paired tumor samples and matched adjacent nontumor samples.
All statistical P values were two-sided, and P < 0.05 was defined
as statistically significant. Adjust P value was performed using
Benjamini-Hochberg (BH) multiple test correction. All plotting
and data processing were completed in R 4.0.2 software.

RESULTS

Multi-Omics Landscape of ALDH2 in

Cancers

As  illustrated in  Figures 1A,B, ALDH2 presented
universally lower mRNA expression in almost all tumors.
Immunohistochemical results also displayed that lighter protein
staining in tumors relative to normal tissue (Figure 1C). The
proteomics data of multiple cancers further validated these
results in protein level (Figure 1D). The above suggested
ALDH2 was significantly downregulated in human cancers.
In order to clarify the factors affecting ALDH2 expression,
we further investigated the genomic variation of ALDH2
across tumors. Interestingly, despite ALDH2 polymorphism
being closely related to many diseases such as cardiovascular
and digestive diseases, the mutational events were extremely
rare in cancers, and the mutation rate of most cancers were
<1% (Figure 1E). Therefore, the mutation is not the major
driver for the downregulation of ALDH2. Conversely, ALDH2
presented extensive copy number variation (CNV) in cancers
(Figure 1F). To assess the impact of CNV on ALDH2 expression,
we further investigated the correlation between CNV and
expression of ALDH2. Notably, CNV had little impact on
ALDH2 expression in most cancers, which also indicated
CNV was not an important factor downregulating ALDH2
expression (Supplementary Figure S1). DNA hypermethylation
is another essential factor that regulates gene expression, which
is also a ubiquitous feature of carcinogenesis. ALDH2 has 15
methylation sites in HumanMethylation450 array. Our results
indicate that the expression of ALDH2 in most tumors was
negatively correlated with DNA methylation. The multiple
cancers displayed plenty of hypermethylation sites, particularly
KIRP and SKCM (Figure 1G). Overall, the downregulation
of ALDH2 was driven by DNA hypermethylation rather than
mutation or CNV.

Functional Analysis of ALDH2

The correlation between ALDH2 expression and the activity
of pathways involved in 50 cancer hallmarks was explored
to further understand the molecular mechanism of ALDH2
involvement in cancer. The results indicate that ALDH2
expression was closely correlated with inhibition or activation
of multiple oncogenic pathways (Figure 2A). For instance, the
expression of ALDH2 was predominantly positive related to
immune related pathways such as interferon and complement
response in TGCT, DLBC, and SKCM, metastasis-related
pathways such as epithelial mesenchymal transition and
angiogenesis in THYM, and lipid metabolism-related pathways
such as adipogenesis and fatty acid metabolism in COAD,
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FIGURE 2 | Functional analysis and cancer therapy implication of ALDH2. (A) Correlation between ALDHZ2 expression and 50 oncogenic pathways activity across 33
cancer types. (B,C) The top 5 pathways with FDR <0.05 and NES >0 was retrieved form GSEA results of SKCM (B) and LIHC (C). (D) The potential roles of ALDH2
in cancer drug therapy. (E,F) Correlation between ALDH2 expression and 28 immune cells infiltration (E) and 24 immune checkpoints expression (F) across 33 cancer
types. (G) Comparison of the predictive accuracy of ALDH2, PD-L1, PD-1, CTLA4, CD8, and TMB for immunotherapy in GSE100797, GSE78220, and GE91061.

READ, and LIHC, etc. Moreover, ALDH2 expression also had
a significantly negative correlation with proliferation-related
pathways such as DNA repair, MYC and E2F targets, and
G2M checkpoint in LIHC, LUAD, and LGG, etc. Based on the
ALDH2 expression group, GSEA analysis verified the above
results. SKCM presented intense immune-related pathways

(Figure 2B); LIHC significantly enriched in lipid metabolism-
related pathways (Figure2C); THYM displayed canonical
metastasis-related pathways (Supplementary Figure S2A); and
LUAD was negatively related to proliferation-related pathways
(Supplementary Figure S2B). Collectively, ALDH2 might play
multiple functional roles in distinct cancers.
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Implications of ALDH2 for Cancer

Chemotherapy and Immunotherapy
Furthermore, based on the relationship between ALDH2
expression and impute drug response of each patient, we
identified the potential roles of ALDH2 in cancer drug therapy
(Figure 2D). Obviously, we found ALDH2 might enhance
the drug sensitivity of Vinblastine, Docetaxel, CCT-018159,
Doxorubicin, CGP-082996, Obatoclax, Thapsigargin, BI-2536,
Lestaurtinib, and Elesclomol; elevate the drug resistant of EHT-
1864, Linsitinib, Selicicib, Avagacestat, BMS-754807, DMOG,
SB216763, Erlotinib, AS601245, and PF-4708671. Some of our
results are consistent with previous studies (6-8). Of note,
ALDH?2 may have different drug responses to the same targeted
pathway. For example, the targeted pathway of Obatoclax, BI-
2536, and Selicicib is cell cycle, but ALDH2 enhances drug
sensitivity of Obatoclax and BI-2536, and decreases the drug
sensitivity of Selicicib. These results might advance clinical drug
selection and facilitate precision therapy in human cancers.

Due to the enriched immune-related pathway across
cancers (Figures 2A,B), we further assessed the correlation
between ALDH2 expression and 24 immune checkpoints
expression and 28 immune cells infiltration (Figures 2E,F).
It was observed that predominantly correlation in multiple
cancers, particularly in those with well immunotherapeutic
efficacy, such as BLCA, LUSC, SKCM, and TGCT. Thus, we
hypothesized ALDH2 might be a latent biomarker for predicting
immunotherapeutic response. Three independent SKCM cohorts
containing expression data and immunotherapeutic information
were enrolled. We compared the accuracy of ALDH2 in
predicting immunotherapeutic response with that of existing
biomarkers such as CD8, CTLA4, PD-1, PD-L1, and TMB. The
results demonstrated that ALDH2 had the highest accuracy in
predicting the effect of immunotherapy compared with other
biomarkers (Figure 2G). These findings suggested ALDH2 was a
promising biomarker for assessing immunotherapeutic efficacy
in SKCM.

Clinical Relevance of ALDH2 Across

Cancers

We further revealed the clinical value of ALDH2 in cancers
subsequently. As shown in our results, there was no correlation
between ALDH2 expression and age (Figure 3A). Male patients
had predominant higher ALDH2 expression relative to female
patients (Figure 3B). In addition, downregulation of ALDH2 was
associated with malignant phenotypes of cancers (Figures 3C,D).
Notably, metastasis tumors had the lowest ALDH2 expression
compared with primary and recurrent tumors, and there
was no significant difference between recurrent and primary
tumors (Figure 3E). Furthermore, univariate Cox regression
revealed ALDH2 was a protective factor of survival (disease-
specific survival, overall survival, progression-free interval, and
disease-free interval) in most cancers (Figure 3F). The Kaplan-
Meier survival analysis also demonstrated the same results in
human cancers (Figure 3G). The significant clinical relevance
of ALDH2 may provide important insight into translational
medicine developments.

Validating the Role of ALDH2 Across

Tumors in Our Cohort

A total of 60 cancer tissues and matched adjacent nontumor
tissues were enrolled from The First Affiliated Hospital of
Zhengzhou University, including 5 pairs of pancreatic cancers,
10 pairs of paired liver cancers, 5 pairs of bile duct cancers, and
40 pairs of colorectal cancers. As illustrated in Figure 4A, the
expression of ALDH2 was significantly downregulated across all
cancers relative to their corresponding adjacent nontumor tissues
(T-test: all P <0.05). Patients with high ALDH2 expression
possessed better OS and DFS compared to patients with low
ALDH?2 expression (Log-rank test: both P < 0.05; Figure 4B).
Moreover, highly expressed ALDH2 was more likely to appear
in male tumor patients (T-test: P < 0.05; Figure 4C). Consistent
with the above results, the low expression of ALDH2 tended
to indicate a malignant clinical outcome. For example, patients
with malignant phenotypes such as advanced AJCC stage,
distant metastasis, and vessel invasion had the inferior ALDH2
expression (All P < 0.05; Figures4D-F). Of note, when
lymph metastasis or nerve invasion events occurred, patients
had predominantly downregulated ALDH2 expression although
there were no statistically significant (Figures 4G,H). Overall, the
downregulation of ALDH2 expression tends to suggest malignant
phenotypes, which might enhance the precise diagnosis and
timely intervention of cancer patients.

DISCUSSION

In our study, we systematically and comprehensively explored
the molecular alterations, prognosis, and therapeutic value of
ALDH2 in 33 cancer types. It was found that ALDH2 was
downregulated in most cancer, which was mainly driven by DNA
hypermethylation rather than mutation or CNV. The aberrant
expression of ALDH?2 is dramatically correlated with the activity
of cancer pathways. Moreover, ALDH2 was proved to be a
potentially useful biomarker for immunotherapy assessment and
prognostic stratification.

ALDH?2 is a mitochondrial enzyme that is closely associated
with the degradation of acetaldehyde. Acetaldehyde is a toxic
substance, and its accumulation in cells causes acetaldehyde-
induced DNA interstrand crosslinks (AA-ICLs), which further
induces the initiation and progression of many tumors such as
liver cancer, colorectal cancer, gastric cancer, esophageal cancer,
and lung cancer (4, 19). In this study, we demonstrated that
ALDH2 is defective in most tumors relative to normal tissues
on both mRNA and protein expression levels, which was further
validated by in vitro experiments. In order to find out the
potential reasons leading to the downregulation of A LDH2
expression. We analyzed somatic mutations, CNV, and DNA
methylation of ALDH2 across 33 cancer types. We observed
that ALDH2 displayed low mutations. Previous researches
demonstrated ALDH2 polymorphism was common in the Asian
population (4, 19). As far as we know, the population of TCGA
was mainly from the United States. Thus, the aberrant expression
of ALDH2 was not driven by mutation in the United States.
Notably, ALDH?2 displayed broad CNV alterations, while there
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FIGURE 3 | including solid normal tissue, primary tumor, recurrent tumor, and metastatic tumor. ns, P > 0.05; ***P < 0.001. (F) Heatmap showing the hazard ratio
(HR) of overall survival, disease specific survival, disease free interval, and progression free interval for ALDH2 in human cancers. The cell value represents log2 (HR).
(G) Kaplan-Meier survival curve of ALDH2 for overall survival, disease specific survival, disease free interval, and progression free interval.
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was no significant correlation between the expression and  different processes of initiation and progression in different

CNV. Finally, we found that ALDH2 hypermethylation was
an essential mechanism in the downregulation of ALDH2
in human cancers.

Our research demonstrated the close correlation between the
aberrant expression of ALDH2 and the activity of cancer
pathways. Of note, ALDH2 might be involved in the

tumors. For instance, ALDH2 is mainly associated with
metabolic pathways in respiratory and digestive system
tumors, metastasis-related pathways in THYM, and immune-
related pathways in SKCM. The multiple roles of ALDH2
in cancers might give rise to diverse reflections on cancer

treatments. Previous studies have proved that ALDH2
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is closely correlated with the sensitivity and resistance of
multiple targeted drugs such as 4-Hydroxycyclophosphamide,
Doxorubicin, Cisplatin, Vincristine, and Disulfiram (9-12).
In this study, based on the imputed tumor response of 138
anticancer-drugs from a large cohort, we provided potential
sensitive or resistant drug resources for ALDH2-deficient
Moreover, due to the enriched immune-related
pathway and immune infiltration in SKCM, we further
assessed the accuracy of ALDH2 in predicting immunotherapy
response of three SKCM cohorts, and found the predictive
performance of ALDH2 was better than popular indicators
such as CD8, CTLA4, PD-1, PD-L1, and TMB. This
interesting finding suggested that ALDH2 might be a reliable
and promising biomarker for evaluating immunotherapy
response in SKCM.

In addition, we have proven ALDH2 has significant clinical
value in both large-scale public datasets and 60 pairs of clinical
cancer samples. We found that male patients have a superior
expression of ALDH2 compared with female patients. Patients
with low ALDH2 expression possessed an adverse prognosis.
The low expression of ALDH2 tended to indicate malignant
phenotypes such as advance stage, high metastasis tendency,
and vessel invasion. These results indicated ALDH2 deficiency
is a good indicator for assessing the clinical outcome of patients
with cancer.

Collectively, we have demonstrated ALDH2 is prevalent
downregulation in most cancers, which is mainly driven by
DNA hypermethylation rather than mutation or CNV. ALDH2
is not only tightly associated with the activation and inhibition
of cancer pathways, but also displays a predominant correlation
with the sensitivity and resistance of multiple drugs, and has the
best prediction efficacy in assessing immunotherapeutic response
compared with CD8, CTLA4, PD-1, PD-L1, and TMB in SCKM.
In addition, the deficiency of ALDH2 tends to suggest malignant
phenotypes and adverse prognosis, which might enhance the
precise diagnosis and timely intervention of cancer patients. This
study advanced the understanding of ALDH2 across cancers, and

tumors.
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