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Abstract: The relationship among alcohol, acetaldehyde, and gastric cancer (GC) is a very interesting research
direction. Although many studies have focused on the correlation between ALDH2 polymorphism and GC, ALDH2
expression in GC and its relationship with the prognosis of GC patients remain to be fully understood. To explore
these, 455 GC cases were included in this study. The relationships of ALDH2 expression with patients’ survival and
clinicopathological characteristics were assessed. The immune infiltration characteristics of ALDH2 in GC were also
analyzed. Furthermore, the gene regulatory network and functional pathways of ALDH2 in GC were investigated.
We found that high expression of ALDH2 was associated with better prognosis in GC patients. GC patients with
high ALDH2 expression had a lower degree of pathological malignancy, consistent with our hypothesis that ALDH2
may play as a tumor suppressor role in GC. Mechanistically, ALDH2 may cooperate with genes such as C50rf32,
TSPANS8 and RILP to inhibit GC progression via regulating multiple signaling pathways and chemical carcinogenesis.
Therefore, our study suggested that ALDH2, an important variant gene in Asians, might serve as a prognostic marker
and a potential therapeutic target for patients with GC.
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Introduction

Gastric cancer (GC) is a malignant tumor with
high incidence in the world, posing a serious
public health threat [1]. The risk factors of
GC include alcohol, helicobacter pylori, and
unhealthy lifestyle [2, 3]. Since the onset of GC
is relatively insidious, the patients are usually
diagnosed at a late stage and are unable to
receive effective radical treatment [4]. There-
fore, it is imperative to identify early diagnosis
and prognosis markers to improve the out-
comes of patients with GC.

A cohort study from Japan found that ALDH2
genotype was closely correlated with the inci-
dence of GC in Asian patients [5]. In fact, the
relationship between ALDH2 gene and GC has
been extensively explored [6-8], as almost half
of Asians have a mutation in the ALDH2 gene
[9]. This high frequency mutation in the ALDH2
gene has led to many studies on its impact on
tumor initiation and progression.

Since cancer is a highly heterogeneous dis-
ease, it is important to specifically predict the
prognosis of each patient and tailor effective
personalized treatment plans by molecular typ-
ing. As ALDH2 gene mutation is common in
Asian populations, its ALDH2 genotyping is
significant for patient stratification. The correla-
tion among alcohol, acetaldehyde, and GC is
a very interesting research direction. In this
study, instead of investigating the most com-
mon ALDH2 mutant rs671, we determined the
effect of ALDH2 expression on the prognosis of
GC patients.

By analyzing a large sample of GC patient da-
ta, we explored the differential expression of
ALDH2 gene between GC tissues and normal
tissues and evaluated the correlation of ALDH2
gene expression with pathological grade and
patient prognosis. The immune infiltration and
gene function regulatory network of ALDH2 in
GC were also analyzed. Together, our study pro-
vided insights into the function of ALDH2 gene
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in the diagnosis and treatment of patients with
GC.

Materials and methods
Immunohistochemistry

A tumor tissue microarray containing the GC
samples and the corresponding adjacent nor-
mal tissues from 80 patients were made by the
Shanghai Outdo Biotech Company. Immunohis-
tochemistry was performed by using standard
protocol. The staining intensity and positive
staining number of each section were convert-
ed into specific values for the semi-quantitation
of tissue staining. H-Score was used to quantify
the positive intensity of ALDH2 gene expres-
sion and was calculated by the formula: H-Score
=Y (pi x i) = (weak intensity area percentage x
1) + (moderate intensity area percentage x 2) +
(strong intensity area percentage x 3). In the
formula, pi stands for the percentage of posi-
tive signal pixel area, while i was the positive
level. The higher the value of H-Score, the high-
er the expression of ALDH2 gene.

Western blot

The fresh tissue specimens from 8 patients
with GC were collected in the second hospital
of Anhui Medical University (Ethical Batch
Number: YX2021-128-F1). These specimens
were divided into cancer tissue and paracan-
cerous tissue. After the tissue was processed,
western blot was proceeded to analyze the
expression of ALDH2. Primary antibodies ag-
ainst ALDH2 (Proteintech: 15310-1-AP) and
GAPDH (Affinity: AF7021) were used in this
study. HRP conjugated Goat Anti-Rabbit IgG
(H+L) antibody was purchased from Elabscien-
ce (E-AB-1003).

Gene expression analysis

The TCGA-GC dataset was downloaded and
analyzed using R language (3.6.3). The R pack-
age (ggplot2-3.3.3) was utilized to generate
visual images. Oncomine gene expression da-
tabase was applied to analyze the differential
expression of ALDH2 gene in important GC
data cohorts [10]. CCLE (Cancer Cell Line
Encyclopedia) was used to explore ALDH2
expression in GC cells with different malignant
degrees [11]. cBioportal was used to explore
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the genetic variation of ALDH2 in gastric cancer
[12].

Survival analysis

The effect of ALDH2 expression on the progno-
sis of GC patients was analyzed by Kaplan
Meier plotter, which is a meta-analysis based
validation and discovery of survival correlated
biomarkers [13]. The R package (rms6.2-0) and
R package (survival3.2-10) were used to gener-
ate prognostic nomogram.

Immune infiltration analysis

The infiltration of ALDH2 in various immune-
associated cells was analyzed using The TIMER
database which is a comprehensive platform
to programmatically analyze the immune infil-
trates abundance in different cancer types
[14]. The R package (GSVA1.34.0) was used to
generate lollipop figure. The ssGSEA method
was used to calculate immune infiltration.

Functional gene regulatory network analysis

ALDH2-related functional genes in GC were
explored in the Linkedomics database [15],
which is a database integrating genomics and
clinical information of multiple kinds of can-
cers. The PINA database was used to construct
a network map of ALDH2 related genes in GC
[16].

Functional enrichment analysis

The R package (rms6.2-0) was used for the
functional enrichment analysis of ALDH2-relat-
ed genes. The GO analysis includes three cate-
gories: BP (Biological Process), MF (Molecular
Function), and CC (Cellular Component). The
GSEA was used for KEGG pathway analysis.
The screening criteria were |correlation| >0.3
and P<0.05; Data source was TCGA-STAD; Data
format was Level 3 HTSeq-FPKM-RNAseq; Data
conversion mode was log2 conversion; The
number of screening gene was 56,493, and the
screening results were 367 genes (287 posi-
tively correlated genes and 82 negatively cor-
related genes).

DNA methylation analysis

MEXPRESS was used to explore the DNA meth-
ylation and clinical TCGA data of ALDH2 gene in
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Table 1. The characteristics of 80 GC patients

N/Mean + SD Percentage

Total number of patients 80 100%
Age (years) 54.8412.51 /
TNM stage

I 5 6.25%

Il 22 27.5%

1 46 57.5%

\% 7 8.75%
T stage

T1 1 1.25%

T2 7 8.75%

T3 45 56.25%

T4 27 33.75%
N stage

NO 17 21.25%

N1 14 17.5%

N2 22 27.5%

N3 27 33.75%
M stage

MO 73 91.25%

M1 7 8.75%
Tumor grade

Il 41 51.25%

1] 39 48.75%

GC [17]. The methylation of ALDH2 in GC sort-
ed by different clinical characteristics was
explored by UALCAN [18].

Statistical analysis

Data were analyzed by GraphPad Prism 5.0 and
SPSS 21.0. Data were represented as mean +
SD. Statistical significance was analyzed by
Chi-square test and T test. The relationship
between ALDH2 expression and prognosis was
demonstrated by KM survival curve. P<0.05
was considered statistically significant.

Results

Analysis of ALDH2 gene expression and pa-
tient’s clinical information

A total of 455 GC patient samples were includ-
ed in this study. The clinical characteristics of
patients were summarized in Tables 1 and 2. A
comprehensive analysis showed that ALDH2
gene expression was correlated with the prog-
nosis of GC patients (Figure 1).
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ALDH2 transcription in GC and the corre-
sponding normal tissues

The expression of ALDH2 in a variety of cancers
was explored in TCGA pancancer, and the
results indicated that ALDH2 expression was
noticeably lower in various cancer tissues than
in the corresponding normal tissues (Figure
2A). The differential expression of ALDH2 was
more evident in digestive tumors (STAD, HNSC,
ESCA, COAD and LIHC). Analysis of three GC
datasets from the GEO database further sup-
ported the conclusion that ALDH2 expression
was reduced in cancer tissues (Figure 2B-D).
Furthermore, the area under the curve (AUC)
was used to assess the accuracy of group clas-
sification between tumor and normal. AUC of
ALDH2 in GC was 0.743, suggesting the higher
accuracy of prognostic prediction by ALDH2
(Figure 2E).

ALDH2 protein level in GC and the correspond-
ing normal tissues

We collected the paracancerous tissue and
cancer tissue specimens removed during sur-
gery from 8 GC patients, and ALDH2 protein
level in these tissues was analyzed by Western
blotting (Figure 3). The results indicated that
ALDH2 protein level in the paracancerous tis-
sue was distinctly higher than that in the corre-
sponding cancer tissue.

Furthermore, a tumor tissues microarray con-
taining samples from 80 GC patients was also
used to examine ALDH2 protein level by immu-
nohistochemical analysis. We found that the
H-score of the paracancerous tissue was mark-
edly higher than that of the cancerous tissue
(Figure 4A). Interestingly, the expression of
ALDH2 in GC patients with low pathological
malignancy was significantly higher than that in
GC patients with high pathological malignancy
(Figure 4B). Moreover, the frequency of ALDH2
gene alteration was different among different
types of GC. For example, mucinous stomach
adenocarcinoma harbored 4.76% ALDH2 gene
alteration, while the percentage of ALDH2 gene
alteration in stomach adenocarcinoma, diffuse
type stomach adenocarcinoma, and tubular
stomach adenocarcinoma was 3.64%, 2.78%,
and 2.53%, respectively (Figure 4C). We also
assessed the expression of ALDH2 gene in dif-
ferent GC cell lines and found that the higher
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Table 2. The characteristics of 375 TCGA GC patients

ALDH?2 expression could

predict the prognosis of

Characteristic Levels N  Percentage .
Primary tumor (T stage) T1 stage 19  5.07% GC patients
T2 stage 80  21.33% Through survival analysis,
T3 stage 168  44.80% we found that the progno-
T4 stage 100 26.67% sis of GC patients with
Unknown 8 2.13% high ALDH2 expression,
Regional lymph nodes (N stage) NO stage 111 29.60% including overall survival
N1 stage 97  25.87% (0S), progression free sur-
N2 stage 75 20.00% vival (PFS) and progres-
N3 stage 71 19.73% sion po§t survival (PPS),
Unknown 18 4.80% was obV|ou§Iy bettgr than
) ) that of patients with low
Distant metastasis (M stage) MO stage 330 88.00% ALDH2 expression (Figure
M1 stage 25 6.67% 6A-C). In addition, by us-
Unknown 20 5.33% ing the univariable analy-
Pathologic stage Stage | 53 14.13% sis (Supplementary Table
Stage || 111 29.60% 1) and multivariable Cox
Stage Il 150  40.00% proportional hazard model
Stage IV 38  10.13% (Supplementary Figure 3)
Unknown 23 6.14% to explore important co-
Race Asian 70 19.73% variates, we found that
) . stage (P<0.05) and age
Black or African American 11 2.93% (P<0.001) were important
White 238 63.47% survival predictive factors
Unknown 52 13.87% (Figure 6D). Furthermore,
Age (years) <65 164  43.73% we constructed a ALDH2-
>65 207 55.20% based nomogram to pre-
Unknown 4 1.07% dict the prognosis of GC

the malignant degree of GC cells, the lower the
ALDH2 expression (Figure 4D).

Correlation analysis of ALDH2 expression with
the malignancy of GC

When analyzing the tumor samples we collect-
ed, we found that ALDH2 might be differentially
expressed in tissues with different pathological
malignancies. To further validate this result, we
expanded the sample size by analyzing 375 GC
patients in the TCGA-STAD dataset (Figure 5).
Consistently, in both non-paired and paired
samples of GC, the expression of ALDH2 was
significantly lower in tumor tissues than in nor-
mal tissues (Figure 5A, 5B). The expression of
ALDH2 was also correlated with pathologic
stage, T stage, N stage, and M stage. The later
stage, the lower expression of ALDH2 (Figure
5C-F), suggesting that ALDH2 might play a
inhibitory role in the malignant progression of
GC. It was worth noting that the expression of
ALDH2 was also different in different residual
tumor and race (Figure 5G, 5H).
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patients (Figure 7).

Immune infiltration of ALDH2 gene in GC tis-
sue

Moreover, the correlation of ALDH2 gene with
various immune cells in GC was analyzed. The
results showed that Th17 cells, CD8 T cells and
Mast cells positively, while Tcm and Tgd cells,
negatively associated with ALDH2 gene expres-
sion (Figure 8A). Consistently, when wee divid-
ed the patients into ALDH2 low- and high-
expression group, we found that CD8 T cells,
Th17 cells and NK CD56bright cells were
enriched in the ALDH2 high-expression group
(Figure 8B). We also specifically analyzed the
correlation between ALDH2 gene expression
and B cells, CD8+ T cells, and CD4+ T cells,
which was displayed by scatter plots (Figure
8C).

Analysis of ALDH2-correlated genes and their
biological functions in GC

We used volcano plot to exhibit the genes th-
at were highly associated with ALDH2, among

Am J Cancer Res 2022;12(12):5425-5439



ALDH2 in gastric cancer

Exploring the protein
expression of ALDH2 in
gastric cancer

Immunohistochemical
analysis

Exploring prognostic value
of ALDH2 in gastric cancer
jpatients

Exploring the immune infiltration of
ALDH2 in gastric cancer

gene
ALDH2 in gastric cancer

Figure 1. Graphical view of the research flow chart.

which C5o0rf32, TSPAN8 and RILP had a high
positive correlation with ALDH2 (Supplemen-
tary Figure 4), while SLC39A1, KIAA1467 and
C2orf44 had a high negative correlation with
ALDH2 (Figure 9A). Highly correlated genes
were also analyzed using a cluster heatmap
(Figure 9B). Furthermore, ALDH2-associated
genes that were correlated with either better or
poor prognosis were analyzed by network graph
(Figure 9C). Moreover, we used scatter plot to
specifically analyze the correlation of C50rf32,
TSPANS8, KIAA1467, C2orf44 with ALDH2
(Figure 9D).

The biological functions of genes highly related
to ALDH2 were analyzed by GO (Gene Ontology)
and KEGG (Kyoto Encyclopaedia of Gene and
Genome) enrichment. The GO analysis included
three categories: BP (Biological Process), MF
(Molecular Function), and CC (Cellular Com-
ponent). The results showed that ALDH2 was
widely involved in chemical carcinogenesis,
xenobiotic metabolic process, DNA helicase
activity, and other biological processes in GC
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(Figure 10A and 10B). Additionally, we per-
formed GSEA (Gene Set Enrichment Analysis)
to analyze the functional pathways involved in
ALDH2 and GC and that ALDH2 was widely
involved in gastric acid secretion, NF-kappa B
signaling pathway, Death Receptor Signaling,
and TNF signaling pathways in GC (Figure 10C
and 10D).

Discussion

The role of ALDH2 gene in digestive tract ma-
lighancies has received increasing attention
[19]. Particularly, the study of ALDH2 in GC has
important implications for Asian patients [5].
Previous studies on ALDH2 and GC have fo-
cused on ALDH2 gene polymorphisms. Thus,
the significance of ALDH2 expression in GC
remains to be explored [8]. Here, we analyzed
the clinical significance of ALDH2 gene by using
samples from TCGA database and collected by
ourselves. Our findings from this study indicat-
ed ALDH2 as a prognostic prediction marker
and a potential immunotherapeutic target for
patients with GC.

First, we found that ALDH2 gene expression
was lower in GC tissues than in the correspond-
ing normal tissues, suggesting the possibility of
ALDH2 as a tumor suppressor gene, which was
consistent with the findings of Hou and Zhang
et al [7, 20]. We next explored the relationship
between ALDH2 and the pathological grades of
GC patients and revealed that the lower the
expression of ALDH2, the higher the degree of
pathological malignancy. In addition, through
survival analysis, we found that patients with
high ALDH2 expression tended to have better
prognosis, consistent with the study by Hou et
al [20]. Therefore, the high expression of ALDH2
is a good prognostic indicator for GC patients.
Although the results showed that high expres-
sion of ALDH2 was associated with better prog-
nosis for GC patients, including overall survival,
progression free survival and progression post
survival, it is interesting that ALDH2 had no sig-
nificant correlation with the prognosis of GC
patients in multivariable Cox proportional haz-
ard model, which might be explained that
ALDH2 had a weaker effect on survival than on
stages. In future studies, if confounding fa-
ctors can be excluded, it will be very meaning-
ful to explore the mechanisms by which high
ALDH2 expression improves the prognosis of
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Figure 2. An overview of ALDH2 gene expression in GC. A. ALDH2 expression in different TCGA cancer types. B. Dif-
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GC through cell-based and animal model ex-
periments.

Furthermore, we investigated the potential me-
chanisms underlying the function of ALDH2.
The relationship between ALDH2 and the im-
mune system has been important research
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area, and previous studies have confirmed th-
at ALDH2 mediates alcohol-induced colorectal
cancer immune escape through stabilizing PD-
L1 expression [21]. In this study, when analyz-
ing ALDH2 and immune infiltration in GC, we
found that ALDH2 showed a high positive cor-
relation with CD8 T cells and Th17 cells. It has
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Figure 3. Differential expression of ALDH2 in GC and normal tissues detected by western blot. Pat, Patient. C, Can-
cer tissue. P, Paracancerous tissue. *, P<0.05. **, P<0.01. ***, P<0.001.

been reported that the elevation of CD8 T cells
play an important role in PD-1 therapy resis-
tance in cervical cancer [22]. In addition, many
studies have indicated that cytokines secreted
by Th17 cells are related with tumor microenvi-
ronment and cancer stem cells [23]. Taken
together, these results suggest that ALDH2
may play an important role in the immune
response of GC, and its high expression may
improve the ability of immune resistance to
cancer progression.

Moreover, our analysis on the regulatory net-
work of ALDH2 gene suggested the potential
biological function of ALDH2 in GC. We found
that C5o0rf32, TSPAN8 and RILP had a high pos-
itive correlation with ALDH2. Previous studies
have indicated that TSPANS8 plays an important
role in pancreatic cancer and epithelial cancer
through regulating the STAT3-mediated tran-
scription pathway [24-26]. Methylation of RILP
in lung cancer also promotes cancer cell inva-
sion and proliferation [27]. In addition, RILP can
also inhibit the invasion of breast cancer cells
by regulating the activity of RalA [28]. The regu-
latory relationships between ALDH2 and these
three genes in GC should be further experimen-
tally explored. This study also identified genes
that are highly negatively correlated with ALDH2
such as SLC39A1 and KIAA1467 which have
been reported to play an important role in
hepatocellular carcinoma [29]. We found these
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genes were associated with ALDH2 in predict-
ing the survival of gastric cancer patients,
hence, these genes might be used to build pre-
dictive models for the prognosis of GC patients
in the future.

DNA methylation has been known to play an
important role in silencing tumor suppressor
genes, thereby accelerating tumorigenesis and
tumor progression. The DNA methylation and
the expression of ALDH2 in GC was explored in
this study (Supplementary Figure 1) [17]. Our
results showed that the methylation level of
ALDH2 in Grade 3 tissues was higher than that
in Grade 2 (P<0.05), suggesting the differential
methylation degree of ALDH2 gene in different
malignant degree of GC (Supplementary Figure
2). However, further experiments are needed to
validate the role of ALDH2 gene methylation in
GC progression.

ALDH2 has been implicated as a gene that
inhibits cancer progression [30]. In this study,
we explored the biological functions ALDH2
might be involved and found that ALDH2 was
involved in gastric acid secretion. It is well
known that the dysregulation of gastric acid-
base homeostasis was associated with gastric
mucosal damage and eventually cause GC [31],
which might be the potential mechanism by
which ALDH2 functions in GC. ALDH2 also plays
an important role in TNF signaling pathways,
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Figure 4. The expression of ALDH2 gene in GC cells and GC tissues. A. The expression of ALDH2 in gastric cancer
tissues of different pathological grades. B. Quantitative analysis of ALDH2 expression in Grade Il and Grade Il by
H-Score. C. The mutation frequency of ALDH2 in different types of GC. D. The expression of ALDH2 gene in different
GC cells. *, P<0.05. **, P<0.01. ***, P<0.001.
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**% P<0.001.

and the TNF-o/TNFR2 pathway has been
shown to regulate the microenvironment and

related to immune cell infiltration in GC, the
function of ALDH2 in regulating the immune

progression of GC [32, 33]. Our comprehensive
analysis also suggested a key role of ALDH2 in
chemical carcinogenesis. Since ALDH2 play a
tumor suppressor role through DNA damage
and anti-tumor immunity [34], and it is closely
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system warrants future exploration (Figure 11).
Conclusions

Our results indicated the significance of AL-
DH2 expression in predicting the prognosis
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ALDH2 expression. B. Longer PFS (progression free survival) in GC patients with high ALDH2 expression. C. Longer
PPS (progression post survival) survival in GC patients with high ALDH2 expression. D. The multivariable Cox propor-
tional hazard model of ALDH2 in survival. *, P<0.05. **, P<0.01. ***, P<0.001.
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of GC patients. The overall re-
sults were consistent with our
hypothesis that ALDH2 might
play an important role in sup-
pressing GC. As a frequently
mutated gene in Asians, AL-
DH2 might be used as prog-
nostic marker of GC patients
and serve as an potential anti-
cancer therapeutic target in
the future.
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Supplementary Table 1. The univariable analysis of the clinical features relevant to survival

Univariate analysis

Characteristics Total(N) -
Hazard ratio (95% Cl) P value

Age 367

<65 163 /

>65 204 1.620 (1.154-2.276) 0.005**
Pathologic stage 347

Stage 1 50 /

Stage 2 110 1.551 (0.782-3.078) 0.209

Stage 3 149 2.381 (1.256-4.515) 0.008**

Stage 4 38 3.991 (1.944-8.192) <0.001***
Gender 370

Female 133 /

Male 237 1.267 (0.891-1.804) 0.188
T stage 362

T1 18 /

T2 78 6.725 (0.913-49.524) 0.061

T3 167 9.548 (1.326-68.748) 0.025*

T4 99 9.634 (1.323-70.151) 0.025*
N stage 352

NO 107 /

N1 97 1.629 (1.001-2.649) 0.049*

N2 74 1.655 (0.979-2.797) 0.060

N3 74 2.709 (1.669-4.396) <0.001%**
M stage 352

MO 327 /

M1 25 2.254 (1.295-3.924) 0.004**

Note: *P<0.05, **P<0.01, ***P<0.001.
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Supplementary Figure 1. The DNA methylation and expression of ALDH2 in gastric cancer.
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Supplementary Figure 2. The methylation of ALDH2 in gastric cancer. A. The methylation level of ALDH2 in gastric
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Cox Proportional Hazard Model:

Model: surv(STED) ~ Age + Gender + Race + Purity + Stage + E_cell 4 CD3_Tcell + CD8_Tcell + Neutrophil + mMacrophage + Dendritic + ALDHZ
278 patients with 184 dying

coef HR 95%CI_1 9OSXCI_u p.value sig
Age 0.e38 1.038 1.017 1.060 0.e0@ ***
gendermale @.236 1.266 ©.816 1.964 0.203
raceBlack ©.%45 1.724  0.6386 4.334  9.247
raceWhite 8.271 1.311  9.763 2.253  0.326
Purity -8.567  €.682 ©.208 1.355 @.221
stage2 0.748 2.114 0.927 4.822 @.e75 =
stage3 1.e86 2.963 1.376 6.378 @.885 **
staged 1.476 4.376  1.521 12.592 @.086 **
B_cell 4.958 142.297 1.845 19383.496 @.@48 *
CD4_Tcell -4.547 @.e1l ©.00@ 2.725 @.1e8
08_Tcell -8.799  €.458 @.020 10.969 ©.614
Neutrophil -2.763 @.063 @.o00@ 124.898 0.47%
Macrophage 7.762 2348.528 53.767 102583.567 0.0 ***
Dendritic @.831 2.297 @.118 44.690 0.583

Rsquare= @.137 (max possible= 9.76e-81 )
Likelihood ratio test p= 3.26e-04

Walg Test p= 2.55e-64

Score (logrank) test p= 1.34e-84

Supplementary Figure 3. Full result of multivariable cox analysis.
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Supplementary Figure 4. The relationship between ALDH2 and C5o0rf32, TSPANS, RILP.
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