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Abstract
Background: Previous studies have shown that ALDH2 and ADH1B genes may 
be associated with alcohol metabolism and the risk of esophageal squamous cell 
carcinoma (ESCC), with inconsistent results. This meta-analysis aimed at com-
prehensively assessing the associations between ALDH2 and ADH1B polymor-
phisms and the risk of ESCC to synthesize and clarify the evidence.
Methods: We calculated summary estimates of the associations between four 
genetic variants (rs671 and rs674 in ALDH2, and rs1229984 and rs1042026 in 
ADH1B) and the ESCC risk across 23 publications in the additive model and 
allelic model. Venice criteria, Bayesian false discovery probability (BFDP), and 
false-positive reporting probability (FPRP) were used to assess the strength of 
epidemiological evidence. Heterogeneity among studies was evaluated by using 
the Higgin's I2 statistic, and publication bias was assessed by using funnel plots 
and Begg's test. A Mendelian randomization (MR) analysis was performed to 
determine the causal association between alcohol intake and esophageal cancer 
risk. Data from the HaploReg v4.1 and PolyPhen-2 were analyzed for functional 
annotations.
Results: Of the four genetic variants, rs671 of ALDH2 was associated with a sig-
nificantly reduced risk of ESCC (OR: 0.60, 95% CI: 0.50–0.73), whereas rs1229984 
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1   |   INTRODUCTION

Globally, esophageal cancer ranks the seventh in cancer 
incidence and the sixth in cancer mortality, with approx-
imately 90% of the pathological types being esophageal 
squamous cell carcinoma (ESCC).1 With 604,100 incident 
cases of esophageal cancer and 544,076 deaths in 2020,2 
ESCC caused a huge medical and economic burden on 
a global scale. Epidemiological studies have shown that 
smoking, alcohol drinking, living habits, lifestyles, and in-
come are the factors that may influence the risk of ESCC.1,3 
As for alcohol, acetaldehyde plays an important role in the 
first product of ethanol metabolism and is a class I carcin-
ogen with strong carcinogenic effect.4,5 Ethanol was pri-
marily metabolized to acetaldehyde in the liver by alcohol 
dehydrogenases (ADHs), including ADH1B, and then to 
acetate by aldehyde dehydrogenase 2 (ALDH2).6

The association between alcohol consumption and the 
risk of ESCC exhibits regional differences. Regions with low 
incidence of ESCC showed stronger association with alco-
hol consumption than those with high incidence.7-9 This 
difference may be attributed to different populations/races 
living in various regions and/or other related factors that 
require further research,10 for instance, differences in alco-
hol metabolism among populations. Studies have shown 
that ALDH2 and ADH1B are associated with reduced rates 
of alcohol dependence.11 The variants of the ALDH2 and 
ADH1B genes are mainly ALDH2*1 and ADH1B*2, which 
metabolize alcohol more rapidly and lead to excessive ac-
cumulation of acetaldehyde.12-15 Excessive acetaldehyde 
can cause a heightened response to alcohol.16 Furthermore, 
the frequency of ALDH2 and ADH1B polymorphisms var-
ies in different populations or regions.17 This suggests that 

individual gene polymorphisms may cause differential ge-
netic susceptibilities to ESCC.

During the past two decades, studies have been car-
ried out to explore the ALDH2 and ADH1B genetic vari-
ants and the risk of ESCC. A previous meta-analysis that 
investigated the associations between ALDH2 and ADH1B 
polymorphisms and ESCC risk was published in 2010.18 
The results indicated that ADH1B rs1229984 and ALDH2 
rs671 were susceptible loci for ESCC in the Chinese popu-
lation. Since then, 11 new relevant studies have been pub-
lished in recent years with inconsistent results. In addition, 
several GWAS reports identified multiple genetic variants 
in ALDH2 and ADH1B as susceptibility loci in Chinese.19 
Furthermore, the previous meta-analysis did not use Ven-
ice criteria, false-positive reporting probability (FPRP), and 
Bayesian false discovery probability (BFDP) to assess the 
epidemiological evidence of the ALDH2 and ADH1B poly-
morphisms and the ESCC risk. Therefore, we included all 
published studies retrieved from the literature to perform 
an updated comprehensive meta-analysis to assess the 
associations between the ALDH2 and ADH1B polymor-
phisms and the ESCC risk. The epidemiological evidence of 
the associations was evaluated by using the Venice criteria, 
FPRP, and BFDP.

2   |   MATERIALS AND METHODS

This systematic review and meta-analysis was performed 
according to the PRISMA guidelines.20 In addition, we 
registered a protocol with the International Prospective 
Register of Systematic Reviews–PROSPERO (Registration 
No. CRD42022357068).

of ADH1B was associated with a significantly increased risk (2.50, 95% CI: 1.70–
3.69) in the additive model. In the allelic model, the variant rs1229984 of ADH1B 
also increased the risk of ESCC (OR: 1.50; 95% CI: 1.21–1.87). The result for the 
variant rs671 was considered as strong epidemiological evidence. Functional an-
notations identified that the four variants were related to the enhancer histone 
marks and motif changes. The other two variants were not associated with the 
ESCC risk (rs674 of ALDH2 OR: 1.22, 95% CI: 0.71–2.12; rs1042026 of ADH1B 
OR: 1.28, 95% CI: 0.52–3.14) in the additive model. The MR analysis did not find 
a causal effect of alcohol on the esophageal cancer risk.
Conclusions: The results showed that ADH1B rs1229984 was significantly as-
sociated with an increased the risk of ESCC.

K E Y W O R D S

ADH1B, ALDH2, epidemiological evidence, esophageal squamous cell carcinoma, meta-
analysis
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2.1  |  Literature search and 
selection criteria

We searched the literature in PubMed and Embase using 
the terms “((esophageal squamous cell carcinoma) AND 
(ALDH2)) OR ((esophageal squamous cell carcinoma) 
AND (ADH1B))”. All relevant articles published from 
database inception to August 2022 were included in the 
literature search. Included publications conformed to the 
following criteria: (1) The study design was a case–control 
study, or a genome-wide association study (GWAS) con-
ducted among human populations; (2) all ESCC cases 
were confirmed by pathological diagnosis; (3) the articles 
provided sufficient data on odds ratios (OR) and 95% con-
fidence intervals (CIs) in additive or allelic model; and (4) 
it was published in peer-reviewed journals in English. The 
exclusion criteria were as follows: (1) duplicate literature; 
(2) detailed information on gene variants and/or ORs was 
unavailable; and (3) the study did not assess the associa-
tion between genetic variants and susceptibility to ESCC.

2.2  |  Data extraction

Data were extracted by two researchers (Zhang B. and Luo 
Y.) using a standard data extraction form. The extracted 
information included: the first author, publication year, 
study design, country where the study was conducted, 
population ethnicity, gene and variant, the number of 
samples in the case and control groups, the OR and cor-
responding 95% CI in an allelic model or additive model. 
All disagreements were discussed, and consensus was 
obtained.

2.3  |  Statistical analysis

Stata 12.0 was used to analyze all the data. Meta-analyses 
were conducted if at least three studies reported the as-
sociation between the ALDH2 and ADH1B genetic vari-
ants and the ESCC risk in the additive model (AA vs. GG) 
and allelic model (A vs. G). The additive model is widely 
used as a conservative choice between the recessive and 
the dominant model, and most of the included studies in 
the meta-analysis provided the data of OR and 95% CI in 
the additive and allelic models. The summary odds ratios 
(ORs) or 95% confidence intervals (95% CIs) were cal-
culated. The OR was converted to log (OR). Because the 
covariates adjusted were different in various studies, we 
used the crude OR to perform the meta-analysis. Higgin's 
I2 statistic was used to quantitatively assess the level of 
heterogeneity. An I2 statistic of 0% indicates no observed 
heterogeneity, whereas I2 statistics less than 25% suggest 

mild heterogeneity, between 25% and 50% indicating mod-
erate heterogeneity, and greater than 50% demonstrating 
high heterogeneity.21,22 The p-value of Cochran's Q less 
than 0.1 indicates that the heterogeneity is statistically 
significant. If the I2 is less than 50%, a fixed-effect model is 
applied. A random-effect model was used, when the I2 is 
greater than 50%. Stratified analyses and meta-regression 
were also performed to explore the potential sources of 
heterogeneity. Sensitivity analysis was used to assess the 
stability of results. Funnel plots, Begg's test, and Egger's 
test were deployed to analyze whether a publication bias 
was indicated.23 All tests were two-sided, and p < 0.05 in-
dicated statistical significance unless otherwise stated.

2.4  |  Assessment of epidemiological 
reliability

The Venice criteria, proposed by the Human Genome 
Epidemiology Network (HuGENet) Working Group, were 
used to assess the strength of epidemiological evidence.24 
The evidence of each significant association derived from 
the meta-analysis was graded according to three stand-
ards: the amount of evidence, replication of association, 
and protection from bias. For the amount of evidence, the 
sum of the number of minor alleles among cases and con-
trols of more than 1000 in the meta-analysis was defined 
as A, between 100 and 1000 classified as B, and less than 
100 defined as C. For the replication of association, an A 
grade indicates that the heterogeneity statistic I2 was less 
than 25%, B means the I2 value is between 25% and 50%, 
and C represents the I2 greater than 50%. Moreover, a sig-
nificant association might be obtained due to incorrectly 
classified genotypes and/or publication bias. Therefore, if 
there was no observable bias that could affect the results, 
an A grade was given. The B grade suggests no apparent 
bias, but there was considerable missing information, and 
the C grade means there was significant bias that could af-
fect the results. Ultimately, the epidemiological reliability 
for a significant genetic association was strong when all 
criterion grades were A and weak if any criterion grade 
was C. The other combinations indicated that the evi-
dence was moderate.

The false-positive reporting probability (FPRP) was 
calculated to determine whether a significant association 
could be considered as a false-positive result. The prior 
probability was set to 0.05 to detect an OR of 1.5.25 When 
FPRP was <0.2, we considered the association as true. If 
a significant association based on the FPRP analysis was 
true, the cumulative evidence was upgraded from weak 
to moderate and from moderate to strong. Bayesian false 
discovery probability (BFDP) is a new statistical method 
based on logistic regression models and does not depend 
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on statistical power. When the BFDP value is less than 
0.8, the association is considered as true.26 Although the 
false-positive reporting probability and the Bayesian false 
discovery probability are similar, the FPRP is a traditional 
and commonly used method to assess the false-positive 
probability if significant associations are found, and the 
BFDP is a new method that does not depend on statisti-
cal power. Moreover, using both methods could verify and 
further improve the credibility of the results. If inconsis-
tent results were found between FPRP and BDFP analy-
ses, we used the result of FPRP to judge the authenticity 
of a significant association.

2.5  |  Mendelian randomization analysis

Mendelian randomization analysis was performed by 
using the inverse variance weighted (IVW) to explore the 
causal relationship between alcohol (exposure) and es-
ophageal cancer (outcome) through the TwoSampleMR 
package in R version 4.0.2. Because the IEU Open GWAS 
only had esophageal cancer data, we analyzed the casual 
association between alcohol and esophageal cancer risk. 
The genetic instrument was retrieved from the GWAS 
data of the UK Biobank study including 456,382 samples. 
The genetic instrument should meet the following crite-
ria: (1) There was a significant correlation between SNPs 
and alcohol at genome-wide significance (p < 5 × 10−8); 
and (2) SNPs are independent of each other (linkage dis-
equilibrium (LD) in the range of 10 Mb r2 < 0.05). In addi-
tion, we evaluated the presence of horizontal pleiotropy 
and heterogeneity using MR-Egger intercept and Q test.

3   |   RESULTS

3.1  |  Characteristics of included studies

The process of literature search and article inclusion is 
shown in Figure 1. One seventy-three articles were found 
during the literature search, of which 70 were duplicates 
and 56 were not related to ALDH2 or ADH1B gene poly-
morphisms. Among the remaining 47 articles, 25 did not 
provide an OR and 95% CI. Therefore, 22 articles were left. 
An additional study was retrieved through reference re-
view. Hence, 23 articles were included in the analysis.

The details of the 23 included papers are shown in 
Table 1. Most of the studies were published before 2019. 
Twenty-one were case–control and two were genome-
wide association (GWAS) studies. Twenty-one studies 
were conducted among Asian population, and the other 
two were among Africans. The number of cases varied 
from 37 to 2098 and the number of controls varied from 

31 to 2763. The genetic variants of ADH1B included 
rs1042026, rs17033, rs1159918, and rs1229984, and the 
genetic polymorphisms of ALDH2 included rs671, rs674, 
rs4767364, and rs886205. The OR values and the corre-
sponding 95% CIs for the allelic and additive models are 
shown in Table 1.

3.2  |  Principal meta-analyses

Because only four (rs671 and rs674 of gene ALDH2, 
rs1229984, and rs1042026 of gene ADH1B) out of the 
eight genetic polymorphisms had been studied in at 
least three articles, the four genetic variants were eval-
uated for their associations with the ESCC risk. The 
meta-analyses were performed for these four variants 
to calculate the summary estimates using results from 
the additive models (Table  2). The variant rs671 of 

F I G U R E  1   Flow chart of literature search based on a two-step 
search strategy.



      |  20441ZHANG et al.

T
A

B
L

E
 1

 
C

ha
ra

ct
er

is
tic

s o
f t

he
 in

cl
ud

ed
 st

ud
ie

s.

St
ud

y,
 y

ea
r

St
ud

y 
de

si
gn

C
ou

nt
ry

R
ac

e
G

en
e

V
ar

ia
nt

N
o.

 o
f C

as
es

N
o.

 o
f C

on
tr

ol
s

A
lle

lic
 m

od
el

A
dd

it
iv

e 
m

od
el

O
R

 (9
5%

C
I)

C
ai

, 2
00

6
Po

pu
la

tio
n-

ba
se

d 
ca

se
–c

on
tr

ol
 st

ud
y

C
hi

na
A

si
an

A
LD

H
2

rs
67

1
81

16
2

–
1.

72
 (0

.8
5–

3.
48

)

C
ui

, 2
00

9
G

en
om

e-
w

id
e 

as
so

ci
at

io
n 

st
ud

y
Ja

pa
n

A
si

an
A

D
H

1B
rs

10
42

02
6

10
67

27
63

1.
83

 (1
.5

7–
2.

14
)

3.
48

 (2
.3

3–
5.

20
)

A
D

H
1B

rs
11

59
91

8
1.

88
 (1

.5
9–

2.
21

)
4.

02
 (2

.5
4–

6.
37

)

A
D

H
1B

rs
12

29
98

4
1.

79
 (1

.6
9–

1.
88

)
4.

10
 (3

.2
4–

5.
18

)

A
LD

H
2

rs
67

1
1.

67
 (1

.5
8–

1.
76

)
0.

47
 (0

.2
8–

0.
78

)

G
ao

, 2
01

3
H

os
pi

ta
l-b

as
ed

 c
as

e–
co

nt
ro

l s
tu

dy
C

hi
na

A
si

an
A

D
H

1B
rs

12
29

98
4

20
98

22
63

1.
24

 (1
.1

3–
1.

36
)

1.
54

 (1
.2

5–
1.

89
)

A
LD

H
2

rs
67

1
0.

83
 (0

.7
5–

0.
91

)
0.

64
 (0

.5
1–

0.
82

)

G
uo

, 2
01

3
H

os
pi

ta
l-b

as
ed

 c
as

e–
co

nt
ro

l s
tu

dy
C

hi
na

A
si

an
A

D
H

1B
rs

12
29

98
4

80
48

0
–

1.
46

 (0
.7

1–
2.

59
)

Li
, 2

01
1

Po
pu

la
tio

n-
ba

se
d 

ca
se

–c
on

tr
ol

 st
ud

y
C

hi
na

A
si

an
A

LD
H

2
rs

67
4

22
6

24
6

–
3.

38
 (1

.6
4–

6.
95

)

Li
u,

 2
01

7
H

os
pi

ta
l-b

as
ed

 c
as

e–
co

nt
ro

l s
tu

dy
C

hi
na

A
si

an
A

LD
H

2
rs

67
1

37
31

–
0.

78
 (0

.1
2–

5.
01

)

A
LD

H
2

rs
47

67
36

4
37

31
–

1.
21

 (0
.1

6–
9.

08
)

Su
o,

 2
01

9
Po

pu
la

tio
n-

ba
se

d 
ca

se
–c

on
tr

ol
 st

ud
y

C
hi

na
A

si
an

A
D

H
1B

rs
10

42
02

6
14

48
19

92
–

0.
54

 (0
.3

9–
0.

76
)

A
D

H
1B

rs
17

03
3

–
2.

60
 (1

.4
0–

4.
97

)

A
LD

H
2

rs
67

1
–

0.
58

 (0
.3

8–
0.

85
)

W
an

g,
 2

01
4

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

C
hi

na
A

si
an

A
D

H
1B

rs
10

42
02

6
61

5
53

7
–

5.
40

 (3
.1

9–
9.

11
)

W
an

g,
 2

01
1

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

C
hi

na
A

si
an

A
D

H
1B

-
81

16
2

1.
51

 (0
.9

3–
2.

37
)

–

A
LD

H
2

-
1.

73
 (0

.8
1–

2.
79

)
0.

65
 (0

.2
2–

2.
18

)

Ya
o,

 2
01

8
ge

no
m

e-
w

id
e 

as
so

ci
at

io
n 

st
ud

y
C

hi
na

A
si

an
A

D
H

1B
rs

10
42

02
6

10
33

22
85

1.
02

 (0
.9

4,
1.

11
)

–

A
LD

H
2

rs
67

1
0.

56
 (0

.4
6,

0.
68

)
–

A
LD

H
2

rs
47

67
36

4
1.

06
 (0

.9
3,

1.
21

)
–

Ye
, 2

01
4

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

C
hi

na
A

si
an

A
D

H
1B

rs
12

29
98

4
10

01
13

91
–

2.
81

 (2
.1

8–
3.

62
)

C
he

n,
 2

00
6

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

C
hi

na
A

si
an

A
D

H
1B

rs
12

29
98

4
33

0
59

2
–

5.
65

 (3
.6

7–
8.

69
)

A
LD

H
2

rs
67

4
33

0
59

2
–

0.
78

 (0
.3

8–
1.

62
)

K
ag

em
ot

o,
 2

01
6

Po
pu

la
tio

n-
ba

se
d 

ca
se

–c
on

tr
ol

 st
ud

y
Ja

pa
n

A
si

an
A

LD
H

2
rs

67
1

11
7

11
25

2.
02

(1
.3

–3
.1

4)
–

A
D

H
1B

rs
12

29
98

4
11

7
11

25
2.

05
(1

.3
2–

3.
2)

–

Yo
ko

ya
m

a,
 2

00
6

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

Ja
pa

n
A

si
an

A
D

H
1B

52
41

2
–

0.
48

 (0
.1

8–
1.

31
)

A
LD

H
2

52
41

2
–

1.
49

 (0
.4

7–
4.

78
)

G
u,

 2
01

2
H

os
pi

ta
l-b

as
ed

 c
as

e–
co

nt
ro

l s
tu

dy
C

hi
na

A
si

an
A

D
H

1B
rs

12
29

98
4

38
0

38
0

–
2.

35
 (1

.4
0–

3.
93

)

A
LD

H
2

rs
88

62
05

0.
58

 (0
.3

4–
0.

87
)

–

(C
on

tin
ue

s)



20442  |      ZHANG et al.

St
ud

y,
 y

ea
r

St
ud

y 
de

si
gn

C
ou

nt
ry

R
ac

e
G

en
e

V
ar

ia
nt

N
o.

 o
f C

as
es

N
o.

 o
f C

on
tr

ol
s

A
lle

lic
 m

od
el

A
dd

it
iv

e 
m

od
el

O
R

 (9
5%

C
I)

By
e,

 2
01

1
Po

pu
la

tio
n-

ba
se

d 
ca

se
–c

on
tr

ol
 st

ud
y

So
ut

h A
fr

ic
a

A
fr

ic
an

A
D

H
1B

rs
12

29
98

4
20

1
42

7
0.

52
 (0

.3
2–

0.
86

)
–

A
LD

H
2

rs
88

62
05

0.
70

 (0
.5

5–
0.

89
)

–

Ta
na

ka
, 2

01
2

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

Ja
pa

n
A

si
an

A
D

H
1B

rs
12

29
98

4
16

8
10

83
1.

82
 (1

.6
3–

2.
03

)
4.

08
 (3

.2
7–

5.
09

)

A
LD

H
2

rs
67

1
74

2
82

0
1.

78
 (1

.6
0–

1.
98

)
3.

54
 (3

.0
4–

4.
14

)

Yo
ko

ya
m

a,
 2

00
2

H
os

pi
ta

l-b
as

ed
 c

as
e–

co
nt

ro
l s

tu
dy

Ja
pa

n
A

si
an

A
LD

H
2

–
23

4
63

4
–

7.
83

 (1
.3

3–
46

.0
8)

Yo
ko

ya
m

a,
 2

00
3

Po
pu

la
tio

n-
ba

se
d 

ca
se

–c
on

tr
ol

 st
ud

y
Ja

pa
n

A
si

an
A

LD
H

2
–

65
20

6
–

1.
07

 (0
.9

5–
1.

22
)

M
a,

 2
01

0
H

os
pi

ta
l-b

as
ed

 c
as

e–
co

nt
ro

l s
tu

dy
C

hi
na

A
si

an
A

LD
H

2
rs

88
62

05
12

8
32

6
1.

63
 (1

.1
6–

2.
28

)
–

C
he

n,
 2

01
9

Po
pu

la
tio

n-
ba

se
d 

ca
se

–c
on

tr
ol

 st
ud

y
So

ut
h A
fr

ic
a

A
fr

ic
an

A
LD

H
2

rs
47

67
36

4
59

1
85

2
1.

17
 (0

.9
5–

1.
44

)
-

D
in

g,
 2

00
9

Po
pu

la
tio

n-
ba

se
d 

ca
se

–c
on

tr
ol

 st
ud

y
C

hi
na

A
si

an
A

LD
H

2
rs

67
1

19
1

22
1

2.
15

 (1
.5

7–
2.

95
)

5.
69

 (2
.5

1–
12

.1
8)

Ya
ng

, 2
00

7
H

os
pi

ta
l-b

as
ed

 c
as

e–
co

nt
ro

l s
tu

dy
C

hi
na

A
si

an
A

LD
H

2
–

19
1

19
8

1.
05

 (0
.7

6–
1.

44
)

0.
26

 (0
.0

6–
1.

09
)

A
bb

re
vi

at
io

ns
: O

R
, o

dd
s r

at
io

; C
L,

 c
on

fid
en

ce
 in

te
rv

al
; −

, d
at

a 
no

t a
va

ila
bl

e.

T
A

B
L

E
 1

 
(C

on
tin

ue
d)

T
A

B
L

E
 2

 
G

en
et

ic
 v

ar
ia

nt
s w

ith
 a

 si
gn

ifi
ca

nt
 a

ss
oc

ia
tio

n 
w

ith
 e

so
ph

ag
ea

l s
qu

am
ou

s c
el

l c
ar

ci
no

m
a.

G
en

e
V

ar
ia

nt
St

ud
y

A
lle

le
a

N
o.

 o
f C

as
es

N
o.

 o
f C

on
tr

ol
s

G
en

et
ic

 m
od

el
O

R
 (9

5%
 C

I)
I2  (%

)
p-

V
al

ue
V

en
ic

e 
cr

it
er

ia

FP
R

P 
O

R
1.

5
B

FD
P

Le
ve

l o
f e

vi
de

nc
e

0.
05

0.
05

A
LD

H
2

rs
67

1
4

G
 >

 A
46

55
69

41
A

dd
iti

ve
 m

od
el

0.
60

 (0
.5

0–
0.

73
)

0
0.

73
8

BA
A

0
0

St
ro

ng

A
D

H
1B

rs
12

29
98

4
8

T 
>

 C
51

76
73

64
A

dd
iti

ve
 m

od
el

2.
5 

(1
.7

0–
3.

69
)

91
.3

0
A

C
A

0.
01

5
0.

09
8

M
od

er
at

e

A
D

H
1B

rs
10

42
02

6
3

T 
>

 A
45

81
53

65
A

dd
iti

ve
 m

od
el

2.
15

 (0
.5

0–
9.

28
)

97
.4

0
BC

A
0.

94
6

0.
95

3
W

ea
k

A
LD

H
2

rs
67

4
7

G
 >

 A
11

79
24

71
A

dd
iti

ve
 m

od
el

1.
22

 (0
.7

1–
2.

12
)

69
.9

0.
00

3
BC

A
0.

92
2

0.
95

6
W

ea
k

A
D

H
1B

rs
12

29
98

4
8

T 
>

 C
51

76
73

64
A

lle
lic

 m
od

el
1.

50
 (1

.2
1–

1.
87

)
93

0
A

C
A

0.
01

2
0.

20
9

M
od

er
at

e

A
LD

H
2

rs
67

1
6

G
 >

 A
52

48
94

77
A

lle
lic

 m
od

el
1.

33
 (0

.9
2–

1.
92

)
98

.1
0

A
C

A
0.

76
7

0.
93

7
W

ea
k

N
ot

e: 
V

en
ic

e 
cr

ite
ri

a 
gr

ad
es

 a
re

 fo
r t

he
 a

m
ou

nt
 o

f e
vi

de
nc

e,
 re

pl
ic

at
io

n 
of

 th
e 

as
so

ci
at

io
n,

 a
nd

 p
ro

te
ct

io
n 

fr
om

 b
ia

s: 
A

 (h
ig

h)
, B

 (m
od

er
at

e)
, C

 (w
ea

k)
 re

lia
bi

lit
y.

A
bb

re
vi

at
io

ns
: *

, o
ne

 v
ar

ia
nt

 w
as

 n
ot

 sc
or

ed
 d

ue
 to

 th
e 

am
ou

nt
 o

f e
vi

de
nc

e;
 B

FD
P,

 B
ay

es
ia

n 
fa

ls
e-

di
sc

ov
er

y 
pr

ob
ab

ili
ty

; C
, c

yt
os

in
e;

 G
, g

ua
ni

ne
; A

, a
de

ni
ne

; T
, t

hy
m

in
e;

 C
I, 

co
nf

id
en

ce
 in

te
rv

al
; F

PR
P:

 fa
ls

e 
po

si
tiv

e 
re

po
rt

 
pr

ob
ab

ili
ty

; O
R

, o
dd

s r
at

io
.

a M
in

or
 a

lle
le

s v
s. 

m
aj

or
 a

lle
le

s.



      |  20443ZHANG et al.

ALDH2 was associated with a significantly decreased 
risk of ESCC (OR: 0.60; 95% CI: 0.50–0.73). The variant 
rs1229984 of ADH1B was associated with a significantly 
increased risk of ESCC (OR: 2.5; 95% CI: 1.70–3.69). The 
other two variants, rs674 of ALDH2 (OR: 1.22; 95% CI: 
0.71–2.12) and rs1042026 of ADH1B (OR: 2.15; 95% CI: 
0.50–9.28) also showed an increased risk with ESCC. 
However, the association between two variants, rs674 
of ALDH2 and rs1042026 of ADH1B, and ESCC risk did 
not reach statistical significance (Figure  2). As shown 
in Figure  S1, in the allelic model, we found that the 
variant rs1229984 of ADH1B increased the risk of ESCC 
(OR: 1.50; 95% CI: 1.21–1.87), but ALDH2 rs671 was not 
associated with ESCC risk significantly (OR: 1.33; 95% 
CI: 0.92–1.92).

In addition, a significant interaction between smok-
ing and the rs1229984 risk allele with ESCC was observed 
(Table 3). Smokers with rs1229984 risk allele had further 
increased risk of ESCC compared with nonsmokers. The 
interaction between smoking and rs671 did not reach sta-
tistical significance.

3.3  |  Heterogeneity, sensitivity 
analysis and publication bias

No heterogeneity was found for the rs671 variant of 
ALDH2 (I2 = 0, p = 0.821). However, high heterogeneity 
was observed for the rs674 (I2 = 69.9), rs1229984 (I2 = 91.3), 
and rs1042026 (I2 = 96.4) variants (all p < 0.1) (Table  2). 
To find out the source of heterogeneity and due to the 
limited number of studies for rs1042026, we performed 
subgroup analyses for rs674 and rs1229984 based on pub-
lication year, the number of participants, and study coun-
try (Table S1). For both variants, the heterogeneity did not 
decrease substantially in the stratified subgroups defined 
above. When stratified by the number of study partici-
pants, rs1229984 was associated with a significantly in-
creased risk of ESCC (OR: 2.91, 95% CI: 1.80–4.71) only in 
the studies with more than 1000 participants. In addition, 
significant positive associations were observed in Chinese 
(OR: 2.45, 95% CI: 1.53–3.90) and Japanese (OR: 2.74, 95% 
CI: 1.55–4.84) populations, in both case–control (OR: 2.29, 
95% CI: 1.47–3.56) and genome-wide association studies 

F I G U R E  2   Forest plots of the associations between four genetic variants and esophageal squamous cell carcinoma risk. (A) ALDH2 
rs671, (B) ALDH2 rs674, (C) ADH1B rs1042026, and (D) ADH1B rs1229984.
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(OR: 4.10, 95% CI: 3.24–5.18), in the studies published be-
fore 2010 (OR: 2.84, 95% CI: 1.79–4.51) and after 2010 (OR: 
2.14, 95% CI: 1.37–3.33). The meta-regression showed that 
no variables could explain the source of the high heteroge-
neity between the included studies for the rs1229984 and 
rs674 (Tables S3 and S4). Sensitivity analysis showed that 
the results of the meta-analyses were reliable (Figures S2–
S5). Funnel plots, Begg's test, and Egger's test indicated 
no publication bias for the four variants (p > 0.1) (Figure 3 
and Table S2).

3.4  |  Reliability of epidemiological 
evidence for significant associations

Table 2 also shows the results of the epidemiological evi-
dence reliability for the four variants. For the amount of 
evidence, only the variant rs1229984 reached the A grade, 
and the other three variants (rs671, rs1042026, and rs674) 
reached the B grade. Regarding the replication of as-
sociation, only rs671 achieved the A grade, whereas the 
other three variants (rs1042026, rs674, and rs1229984) 

T A B L E  3   Association of gene–environment interaction in esophageal squamous cell carcinoma in additive model.

Gene Variants
Environmental 
factors

No. of 
studies Model

Pooled OR 
(95%CL) p for interaction

Heterogeneity

I2 (%) p-Value

ADH1B rs1229984 Nonsmoker 4 Random 1.39 (1.21–1.59) <0.001 76.5 0.005

Smoker 4 Random 1.52 (1.36–1.70) 95.8 0

ALDH2 rs671 Nonsmoker 3 Random 0.95 (0.84–1.07) 0.103 91.8 0

Smoker 3 Random 2.28 (0.65–8.02) 99.0 0

F I G U R E  3   Funnel plots of the associations between four genetic variants and esophageal squamous cell carcinoma risk. (A) ALDH2 
rs671, (B) ALDH2 rs674, (C) ADH1B rs1042026, and (D) ADH1B rs1229984.
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reached only the C grade. All the four variants achieved 
the A grade for the protection from bias. By combining 
the three criteria, we found one variant (rs671) was classi-
fied as moderate evidence, and three variants (rs1042026, 
rs674, and rs1229984) were graded as weak evidence, re-
spectively. In addition, the FPRP of rs671 and rs1229984 
variants was less than 0.2, suggesting a true association, 
and the FPRPs of rs674 and rs1042026 were greater than 
0.2, indicating a greater probability of false positive asso-
ciation. The BFDPs of rs671 and rs1229984 were less than 
0.8, suggesting that a true association could be considered. 
However, both rs674 and rs1042026 had BFDP greater 
than 0.8, indicating that the association needs to be inter-
preted with caution. The results of FPRP and BFDP were 
consistent. Based on the results of Venice criteria, FPRP, 
and BDFP, the reliability of epidemiological evidence for 
the significant association between rs671 and the risk of 
ESCC was upgraded from moderate to strong, the asso-
ciation between rs1229984 and ESCC risk was upgraded 
from weak to moderate, and the evidence remained weak 
for rs1042026 and rs674.

3.5  |  Functional annotation

Functional annotation was assessed by the Encyclopedia 
of DNA Elements tool HaploReg v4.1 (Table  4).27 The 
rs671 and rs1229984 variants were located in exons, and 
the rs1042026 and rs674 variants were located in noncod-
ing regions. The variants rs1042026 and rs674 were se-
lected as expression quantitative trait loci (eQTL) hits, and 
the variants rs674, rs671, and rs1229984 were identified 
as enhancer histone marks. In addition, rs671, rs1042026, 
and rs674 were related to the motif change for some genes.

3.6  |  Mendelian randomization analysis

The results of the Mendelian randomization analysis 
showed that there was no causal effect between alcohol 
and esophageal cancer risk (OR: 0.99, 95% CI: 0.99–1.00) 
(Table 5). In the sensitivity analysis, the results using the 
weighted median and MR-Egger methods were similar 
and did not reach statistical significance (p > 0.05). No 
heterogeneity was observed.

4   |   DISCUSSION

To our knowledge, this study is the first comprehensive 
assessment of the epidemiological evidence on the asso-
ciations between genetic variants and ESCC risk in the 
ALDH2-ADH1B region. We conducted a comprehensive T
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research synopsis and meta-analysis to evaluate the asso-
ciations between the four variants and the risk of ESCC 
among 15,591 cases and 22,141 controls from different 
countries. We found that the polymorphism ADH1B 
rs1229984 was associated with an increased risk of ESCC. 
The evidence for the association between the rs671 vari-
ant and ESCC risk was considered as strong. Smokers 
with the rs1229984 risk genotype had further increased 
risk of ESCC compared with smokers without rs1229984 
risk genotype. In addition, functional annotations of 
these variants identified that the variants were related 
to the enhancer histone marks and motif change. Indi-
viduals who carry risk alleles of ALDH2, ADH1B, or both 
should strengthen their health management. Necessary 
interventions could be performed in the prevention and 
screening of ESCC. For example, they should limit alco-
hol consumption and smoking,28 increase the intake of 
vegetables and fruits,29 and carry out regular gastroscopy 
screening.30,31 Identification of the risk alleles of ALDH2 
and ADH1B could help guide screening programs for the 
ESCC, thus reducing the incidence and mortality of ESCC 
for the high-risk population.

A meta-analysis that assessed the association between 
ADH1B and ALDH2 polymorphisms and esophageal can-
cer risk was published in 2010.18 Since then, 11 additional 
articles were published. We performed an updated analy-
sis with the 11 new studies. In addition, we assessed the 
strength of the epidemiological evidence of the associa-
tion using the Venice criteria, FPRP, and BDFP and found 
that the polymorphism rs671 showed strong evidence 
and rs1229984 had moderate evidence with ESCC risk, 
respectively.

Several genome-wide association studies have identi-
fied a number of single nucleotide polymorphisms linked 
to the increased ESCC risk including ADH1B, PLCE1, ge-
netic variants in HLA 2 genome region, CHEK2, PTEN, 
MTHFR, and so on. In a genome-wide discovery, rep-
lication, and combined samples, eight genetic variants 
were identified as ESCC susceptibility variants, of which 
ADH1B had a significant interaction with ESCC risk (OR: 
1.31) in drinker population. And the result of the case–
control subgroup in the genome-wide discovery was con-
sistent with result of our meta-analysis.19 The PLCE1 is 
the most notable one in the number of case–control stud-
ies, among which most studies found that PLCE1 was 

associated with increased ESCC risk.32-34 A joint analysis 
of three genome-wide association studies indicated that 
Chinese populations with a variant in the HLA class II re-
gion had higher ESCC risk.35

For alcohol metabolism, a previous study showed 
that oxidation is catalyzed to produce acetaldehyde pri-
marily by ADHs, and then acetaldehyde is further me-
tabolized to acetate by ALDHs.36 Among the currently 
known genes, ALDH2 and ADH1B had the greatest im-
pact on the risk of alcoholism, which can result in accu-
mulation of acetaldehyde that causes DNA damage and 
promotes ESCC development.37,38 ALDH2 is located on 
chromosome 12q24.2 and encodes the 517 amino-acid 
aldehyde dehydrogenase 2 protein. We observed that the 
performance of rs671 in ESCC risk among the included 
studies is contradictory. This might be attributed to the 
differences in population, sample size, environmental 
exposure, and lifestyle. Our study found that the rs671 
variant, in exon 12 of the gene, was associated with a 40% 
ESCC risk reduction, and the evidence was strong. The 
activity of enzyme encoded by the wild homozygous gen-
otype GG of ALDH2 rs671 is normal, while the enzyme 
activity encoded by the heterozygous GA genotype is re-
duced but still has certain activity. The enzyme encoded 
by the mutant homozygous AA genotype is basically 
inactive, which resulted in the failure of acetaldehyde 
metabolism. A large accumulation of acetaldehyde can 
cause symptoms such as blushing and rapid heartbeat, 
which makes individuals carrying the ALDH2 rs671A 
allele with poor ability to metabolize alcohol. Therefore, 
the ESCC risk of individuals carrying the rs671A allele 
could be reduced. Yu et al. also found that the ALDH2 
rs671 has a suppressive role in alcohol consumption, 
which was consistent with our results. In addition, to-
bacco smoke contains a high level of nicotine-derived 
nitrosamine ketone and N-nitrosonornicotine, which di-
rectly contact with the esophageal mucosa and further 
increase the risk esophageal cancer.39,40 In this study, 
we found an interaction between rs671 and smoking, 
but it did not reach statistical significance, which had 
a difference with the result for the rs671 (Table 2). This 
might be attributed to the fact that some studies did not 
provide OR and 95% CI of the interaction, thus had re-
duced statistical power to detect the association. Simi-
lar results were also found in the study of Tanaka et al.  

Exposure Outcome SNPs, n Methods OR 95% CI p-Value

Alcohol ESCC 5 IVW 0.99 0.99–1.00 0.71

5 WM 0.99 0.99–1.00 0.88

5 MR-Egger 1.00 0.99–1.01 0.84

Abbreviations: CI, confidence interval; IVW, Inverse variance weighted; MR-Egger, Mendelian 
randomization-Egger; OR, odds ratio; WM, weighted median.

T A B L E  5   Mendelian randomization 
analyses estimates for associations 
between alcohol and risk of ESCC.
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(OR: 1.1, 95% CI: 0.5–2.4).41 In addition, several studies 
have reported that the variant is associated with the de-
velopment of alcohol-related cancers, including colorec-
tal cancer and hepatocellular cancer.42,43

ADH1B, mapped to 4q23, is about 15 kb in length, and 
contains nine exons, and can catalyze the rate of etha-
nol metabolization into acetaldehyde. The rs1229984, 
a non-synonymous SNP in exon 3 of ADH1B, encodes 
lysine-504 and is prone to T-to-C mutations, resulting 
in an Arg-to-His mutation. The genotype of ADH1B 
rs1229984 carrying allele T encodes a more active pro-
tein that can quickly metabolize ethanol into acetalde-
hyde, while the mutant homozygous CC genotype has 
very weak activity in metabolizing ethanol. It indicated 
that mutant homozygous CC genotype could increase 
ESCC risk. Our study found that this variant was asso-
ciated with an increased risk of ESCC with moderate 
evidence. In 2022, a prospective study with 11 years of 
follow-up of 9339 Chinese adults also observed that the 
rs1229984 AA genotype was associated with a lower 
risk of alcohol-related cancers than the GG genotype 
among men.44 In addition, although the strength of the 
interaction between smokers (OR: 1.52) and nonsmok-
ers (OR: 1.39) and rs1229984 was lower than rs1229984 
with ESCC risk, smokers with the risk genotype had a 
further increased ESCC risk, suggesting an interaction 
between the genetic variant and smoking. Tanaka et al.41 
also reported similar findings in the Japanese popula-
tion. Besides, the largest GWAS of alcohol dependence 
revealed that ADH1B played an important role in the 
etiology of alcohol dependence among Europeans and 
African-Americans. Considering that ADH1B rs1229984 
is more common in the East Asian population than in 
Europeans,45,46 more studies are needed to investigate 
the role of ADH1B in the etiology of alcohol dependence 
among the East Asian population. Several studies found 
that the ADH1B was associated with colorectal cancer 
and obesity,47,48 suggesting its potential role in multiple 
diseases. In addition, although our results showed rs671 
and 1,229,984 had a significant association with ESCC 
risk, it did not necessarily mean the causal effect of alco-
hol on the esophageal cancer by the Mendelian random-
ization analysis.49,50

Due to the limited number of studies for ADH1B 
rs1042026, we only explored the source of the high het-
erogeneity for ALDH2 rs674 and ADH1B rs1229984. The 
included studies on these polymorphisms did not provide 
the ORs and the corresponding 95% CIs in the age and sex 
subgroups; therefore, the subgroup analyses were strati-
fied on publication year, the number of participants, and 
study country. However, the high heterogeneity did not 
reduce dramatically after stratification. We did find that 
the Japanese population with the ADH1B rs1229984 risk 

genotype had a greater ESCC risk than the Chinese. Con-
sidering the interaction between the genotype and smok-
ing observed in our study, the higher ESCC risk found 
in the Japanese population could be due to the higher 
prevalence of smoking in Japan.51 The magnitude of the 
association between ADH1B rs1229984 and ESCC risk 
attenuated slightly in the studies published after 2010, 
which could be due to the declining rate of alcohol and 
tobacco use and the widespread application of endoscopic 
screening.52,53

This study has several limitations. First, most studies 
included were case–control studies, which are more sus-
ceptible to biases such as selection bias and information 
bias, particularly if the genotypes are associated with 
ESCC mortality. Secondly, some relevant articles had to be 
excluded due to missing data and no responses from the 
corresponding authors. Finally, because of the lack of raw 
data, we used crude ORs and 95% CIs, which will result in 
a slight deviation.

In summary, after including results from the 11 addi-
tional studies published after 2010, this updated meta-
analysis confirmed the associations between the genetic 
variants of ALDH2 rs671 and ADH1B rs1229984 and the 
ESCC risk, of which the association between rs671 and the 
ESCC risk was considered as strong evidence. An interac-
tion between the genetic variant rs1229984 and smoking 
was also observed. More experiments regarding funda-
mental research are needed to further elaborate roles of 
these genetic variants in the development of ESCC in the 
future work.
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