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Genome-wide association analyses of esophageal
squamous cell carcinoma in Chinese identify multiple
susceptibility loci and gene-environment interactions

Chen Wul>213, Peter Kraft>!3, Kan Zhai®!3, Jiang Chang!>!?, Zhaoming Wang*>*, Yun Li®, Zhibin Hu®,

Zhonghu He’, Weihua Jia8, Christian C Abnet?, Liming Liangz, Nan Hu?, Xiaoping Miao?, Yifeng Zhou!?,
Zhihua Liu!, Qimin Zhan!, Yu Liu!, Yan Qiao!, Yuling Zhou!, Guangfu Jin®, Chuanhai Guo’, Changdong Lu'l,
Haijun Yang!!, Jianhua Fu8, Dianke Yu!, Neal D Freedman?, Ti Ding'2, Wen Tan!, Alisa M Goldstein?,
Tangchun Wu®, Hongbing Shen®, Yang Ke’, Yixin Zeng®, Stephen J Chanock®#, Philip R Taylor® & Dongxin Lin!

We conducted a genome-wide association study (GWAS) and a genome-wide gene-environment interaction analysis of
esophageal squamous-cell carcinoma (ESCC) in 2,031 affected individuals (cases) and 2,044 controls with independent validation
in 8,092 cases and 8,620 controls. We identified nine new ESCC susceptibility loci, of which seven, at chromosomes 4¢23,
16q12.1, 17921, 22q12, 3q27, 17p13 and 18p11, had a significant marginal effect (P =1.78 x 10739 to P = 2.49 x 10~"") and
two of which, at 2¢22 and 13433, had a significant association only in the gene-alcohol drinking interaction (gene-environment
interaction P (Pg  p) = 4.39 x 10~"" and P , ¢ = 4.80 x 1078, respectively). Variants at the 4q23 locus, which includes the ADH
cluster, each had a significant interaction with alcohol drinking in their association with ESCC risk (Pg , g = 2.54 x 1077 to

P £ = 3.23 x 1072). We confirmed the known association of the ALDH2 locus on 1224 to ESCC, and a joint analysis showed
that drinkers with both of the ADH1B and ALDH?2 risk alleles had a fourfold increased risk for ESCC compared to drinkers
without these risk alleles. Our results underscore the direct genetic contribution to ESCC risk, as well as the genetic
contribution to ESCC through interaction with alcohol consumption.

ESCC ranks as the tenth most prevalent cancer in the world, with
marked regional variation and a particularly high incidence in certain
regions of China. Previous molecular epidemiological studies using
a candidate gene approach have implicated a set of genetic varia-
tions that confer susceptibility to ESCC, primarily variations that are
related to alcohol metabolism!~®. The GWAS has emerged as a power-
ful and successful tool to identify common disease alleles by using
high-throughput genotyping technology to interrogate a large number
of tagging SNPs that serve as surrogates for untested common SNPs
across the genome. In studies published thus far, GWAS of cancers
of the upper aerodigestive tract, including ESCC in individuals of
European’® and Japanese ancestry®, have shown that variants in ADH
genes and/or ALDH? are associated with risk of ESCC; in addition,
these studies have shown an interaction for these loci with alcohol.
Two GWAS showed that variants in PLCEI and, perhaps, C200rf54 are
associated with risk of ESCC in Chinese populations!®!1,

We recently reported a multistage GWAS of ESCC that was based
on genotyping 666,141 SNPs in 2,031 cases and 2,044 controls with a
second replication stage in 6,276 cases and 6,165 controls and identi-
fied three new loci that are associated with susceptibility to ESCC!2. In
this previous study, we attempted to replicate 29 SNPs with P<1077.
Because of our use of this stringent P value threshold, it is possible
that some true ESCC-associated loci with moderate effect sizes were
overlooked!3. However, such loci may be detected by dense genotyp-
ing or analyzing larger sample sizes!*. Furthermore, in our published
GWAS report, we observed that three variants at 12q24 conferred
ESCC risk through a gene-lifestyle interaction, with a pronounced ele-
vation of risk among alcohol users!'2. Alcohol intake is an important
risk factor that contributes to the development of ESCC in Asian and
other populations!®. These findings underscore the fact that ESCC
is a complex disease and that its etiology is related to environmental
exposures, multiple genetic loci and gene-environment interactions.
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Table 1 Characteristics of cases with ESCC and controls who participated in this study

GWAS? Replication 12 Replication 2° Combined sample High-risk cohort®
Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls
(N=2,031) (N=2,044) (N=3,571) (N=3,602) (N=4,521) (N=5,018) (N=10,123) (N=10,664) (N=1,410) (N=1,656)
Age, mean (s.d.) 59.8 (9.8) 61.3 (8.5) 60.5 (8.9) 55.7 (12.7) 60.1 (9.0) 51.5(13.5) 60.2 (9.1) 54.8 (12.9) 58.1 (8.1) 57.8(9.2)
Sex
Male, N (%) 1,627 (80.1) 1,706 (83.5) 2,653 (74.3) 2,374 (65.9) 3,380(74.8) 3,955(78.8) 7,660 (75.7) 8,035 (75.3) 919 (65.2) 1,222 (73.8)
Female, N (%) 404 (19.9) 338 (16.5) 918 (25.7) 1,228 (34.1) 1,141 (25.2) 1,063 (21.2) 2,463 (24.3) 2,629 (24.7) 491 (34.8) 434 (26.2)
Smoking status
Nonsmoker, N (%) 706 (34.8) 895 (43.8) 1,604 (44.9) 2,082(57.8) 2,115(46.8) 2,542 (50.7) 4,425 (43.7) 5,519 (51.8) 551 (39.1) 577 (34.8)
Smoker, N (%) 1,325 (65.2) 1,149 (56.2) 1,967 (55.1) 1,520 (42.2) 2,406 (53.2) 2,476 (49.3) 5,698 (56.3) 5,145 (48.2) 859 (60.9) 1,079 (65.2)
Drinking status
Nondrinker, N (%) 886 (43.6) 1,139 (565.7) 1,982 (55.5) 2,307 (64.0) 2,115(46.8) 2,886 (57.5) 4,983 (49.2) 6,332 (59.4) 1,112 (78.9) 1,373 (82.9)
Drinker, N (%) 1,145 (56.4) 905 (44.3) 1,589 (44.5) 1,295 (36.0) 2,406 (563.2) 2,132 (42.5) 5,140 (50.8) 4,332 (40.6) 298 (21.1) 283 (17.1)

aCases and controls were recruited from Beijing region. PCases and controls were recruited from Jiangsu, Henan and Guangdong provinces. This case-control set, derived from Shanxi province, where the ESCC
incidence and mortality rates are among the highest in Chinal!, had considerably lower percentage of drinkers in both the case and control categories compared with the percentages in other groups.

Because some ESCC susceptibility loci act in an environment-
responsive manner, true associations might not be detected by GWAS
without accounting for environmental risk factors!®. Thus, to discover
these susceptibility loci, incorporation of environmental risk factors
in the context of GWAS may yield additional regions that are worthy
of follow-up studies.

Here we report a new, multistage GWAS of ESCC in a total 0of 10,123
cases with ESCC and 10,664 controls (Table 1). We also report, to
our knowledge, the first genome-wide gene-environment interaction
analysis of ESCC that incorporates alcohol drinking. We replicated
results from these GWAS in an additional case-control panel from a
high-risk population.

RESULTS

New loci associated with susceptibility to ESCC

To identify new susceptibility loci for ESCC, we analyzed 169 promis-
ing SNPs (with 1077 < P< 10~*in our previous GWAS; Supplementary
Table 1) in replication 1 comprising 3,571 cases and 3,602 controls.

We further verified the 18 SNPs with P < 0.01 in replication 2 com-
prising 4,521 cases and 5,018 controls. We found that 15 SNPs were
significantly associated with ESCC risk in the replication 2 samples
in the same direction as in the genome-wide scan and replication 1
(P=2.20x 1073 to P = 1.67 x 1072%). A joint analysis of the genome-
wide scan data together with the samples from replications 1 and 2
showed that these 15 associations reached genome-wide significance
(all P<2.49 x 10711; Tables 2 and 3).

Eight of the significant makers were located at chromosome 4q23,
which harbors a cluster of seven alcohol dehydrogenase superfamily
genes (ADH genes). The top marker in this region was rs1042026
(odds ratio (OR) = 1.35,95% CI 1.29-1.41, P 1ineq = 1.78 x 10739),
and the other seven SNPs in this region are in moderate linkage
disequilibrium (LD) with rs1042026 (r* = 0.30-0.49), all of which
provided significant marginal associations in the combined dataset
(Peombined = 1.26 X 10722 t0 P pined = 2.75 x 1072%) (Fig. 1a). After
conditioning on rs1042026, the association P values for the other
seven SNPs increased by over 13 orders of magnitude, suggesting

Table 2 Nine SNPs with significant marginal effects only on ESCC risk in the genome-wide discovery, replication and combined samples

Genome-wide discovery Replication 1 Replication 2 Combined sample

2,031 cases, 2,044 controls 3,571 cases, 3,602 controls 4,521 cases, 5,018 controls 10,123 cases, 10,664 controls
SNP; chromosome;
location (bp); gene; OR OR OR OR
risk allele MAF (95% Cl) P MAF (95% Cl) P MAF (95% ClI) P MAF (95% Cl) P
rs4785204; 0.25 1.30 3.05x 1077 0.27 1.23 9.45x 108  0.25 1.22 3.07x 108 0.26 1.24 2.24 x 10720
chr. 16; 48,661,235; (1.17-1.43) (1.14-1.33) (1.14-1.30) (1.18-1.29)
HEATR3; T
r1s7206735; 0.28 1.29 3.49 x 1077 0.29 1.21 6.97 x 107 0.28 1.18 1.31x10°% 0.28 1.20 1.97 x 10716
chr. 16; 48,706,009; (1.17-1.42) (1.12-1.30) (1.10-1.26) (1.15-1.26)
HEATR3; C
rs6503659; 0.12 1.39 5.11x 107 0.15 1.20 1.00x 104  0.12 1.27 2.36x107 0.13 1.27 2.73 x 10716
chr. 17; 37,150,790; (1.22-1.58) (1.09-1.31) (1.16-1.39) (1.20-1.34)
HAPI; A
rs2239815; 0.38 1.28 1.72 x 1077 0.39 1.12 2.10x 103 0.35 1.17 9.17x 107  0.37 1.18 3.88x 10715
chr. 22; 27,522,670; (1.16-1.40) (1.04-1.20) (1.10-1.25) (1.13-1.23)
XBPI; T
1s2239612; 0.17 1.35 3.27 x 1077 0.20 1.20 1.15x 105  0.18 1.17 1.00x 10%* 0.19 1.21 5.74 x 10714
chr. 3; 188,275,936; (1.20-1.51) (1.11-1.30) (1.08-1.26) (1.15-1.27)
ST6GALL; T
1s17761864; 0.14 1.38 2.16 x 1077 0.15 1.16 1.60x 103  0.13 1.16 9.00x 104 0.14 1.21 2.21 x 1011
chr. 17; 2,118,387; (1.22-1.56) (1.06-1.27) (1.06-1.27) (1.14-1.28)
SMG6; A
1s2847281; 0.15 1.33 1.37 x 10 0.17 1.16 9.00x 104 0.14 1.14 2.20x 103 0.16 1.20 2.49 x 10711
chr. 18;12,811,593; (1.19-1.50) (1.06-1.27) (1.05-1.24) (1.14-1.26)
PTPNZ; C
rs4822983% 0.19 1.46 1.02x 108 0.21 1.22 1.82x 10  0.19 1.24 2.06 x 108 0.20 1.27 1.94 x 1022
chr. 22; 27,445,066; (1.31-1.62) (1.12-1.32) (1.15-1.34) (1.21-1.34)
CHEKZ; T
rs10336672; 0.26 1.33 1.91x 108 0.27 1.17 3.72x10° 024 1.26 3.69x 10711 0.25 1.25 4.85 x 10722
chr. 22; 27,460,300; (1.20-1.46) (1.09-1.26) (1.18-1.36) (1.19-1.30)
CHEKZ; T

The P values shown are two sided and were calculated by the additive model in a logistic regression analysis with age, sex, smoking, drinking and the first three principal components (for the GWAS stage only) as covariates.
2Discovered by imputation analysis. Chr., chromosome; MAF, minor allele frequency in controls; OR, odds ratio for the minor allele.
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Table 3 Eight SNPs with a significant marginal effect on ESCC risk and the interaction of genes and alcohol drinking in the genome-wide
discovery, replication and combined samples

SNP; chromosome; Genome-wide discovery Replication 1 Replication 2 Combined sample
location (bp); gene; OR OR OR
substitution Subgroup MAF  OR (95% Cl) P MAF (95% CI) P MAF (95% CI) P MAF (95% CI) P
rs1042026; chr. 4;  Case_control 0.26 1.29 1.51x 107 0.23 1.29 1.33x 10710 0.22 1.44 1.67 x 1024 0.23 1.35 1.78 x 10739
100,447,489; (1.17-1.42) (1.19-1.39) (1.34-1.54) (1.29-1.41)
ADHI1B; G>A
Nondrinker ~ 0.24 1.11 1.63x 101 0.23 1.15 6.80x 103 0.21 1.31 491x 107 0.22 1.20 4.21x 108
(0.96-1.28) (1.04-1.28) (1.18-1.45) (1.12-1.27)
Drinker 0.27 1.44 3.69x 108 0.24 1.45 3.05x 10710 0.22 1.58 1.94x 10719 0.24 1.51 2.34 x 10736
(1.26-1.63) (1.29-1.63) (1.43-1.75) (1.42-1.61)
GxE 1.31 5.20 x 1073 1.28 2.00 x 1073 1.20 1.12x 102 1.27 2.54 x 1077
(1.08-1.59) (1.09-1.49) (1.04-1.38) (1.16-1.38)
rs3805322; chr. 4;  Case_control 0.48 0.79 1.89 x 107 0.49 0.80 2.83x 10710 0.48 0.84 1.25x 108 0.48 0.81 2.92 x 1024
100,276,021; (0.73-0.86) (0.75-0.86) (0.79-0.89) (0.78-0.85)
ADH4;A>G
Nondrinker ~ 0.49 0.94 2.93x 107! 0.49 0.85 4.00x 10*  0.48 0.95 2.35x 1071 0.49 0.90 2.00 x 10
(0.82-1.06) (0.77-0.93) (0.86-1.04) (0.85-0.95)
Drinker 0.47 0.68 1.23x10° 047 0.76 4.12x 107  0.47 0.76 1.47 x10°  0.47 0.74 4.28 x 10724
(0.60-0.77) (0.68-0.84) (0.69-0.83) (0.70-0.78)
GxE 0.72 2.00 x 104 0.88 7.48 x 102 0.81 7.00 x 104 0.81 5.58 x 107
(0.60-0.85) (0.76-1.01) (0.71-0.91) (0.75-0.88)
rs17033; chr. 4; Case_control 0.11 1.40 2.80x 107 0.12 1.36 1.83x10°% 0.10 1.44 1.98 x 10714 0.11 1.41 1.26 x 10729
100,447,968; (1.23-1.59) (1.23-1.50) (1.31-1.58) (1.33-1.50)
ADH1B; A>G
Nondrinker ~ 0.11 1.31 6.50 x 103 0.11 1.27 6.00x 104 0.10 1.35 1.29x 10 0.11 1.31 1.88 x 10710
(1.08-1.58) (1.11-1.45) (1.18-1.55) (1.21-1.43)
Drinker 0.12 1.47 1.69x 10 0.12 1.48 4.43x 107  0.10 1.50 4.02x10° 0.11 1.51 2.10 x 10720
(1.24-1.76) (1.27-1.72) (1.31-1.72) (1.38-1.64)
GxE 1.13 3.70x 107! 1.18 1.03x 107! 1.11 2.87 x 1071 1.14 3.23x 1072
(0.87-1.46) (0.97-1.45) (0.92-1.33) (1.01-1.28)
rs17028973; chr. 4; Case_control 0.34 1.26 461 x107 0.33 1.22 2.48x10% 031 1.29 7.67 x 10715 0.32 1.26 2.53 x 1028
100,541,809; (1.15-1.38) (1.14-1.31) (1.21-1.38) (1.21-1.32)
ADH7; C>T
Nondrinker ~ 0.32 1.16 3.05x 102 0.33 1.08 1.02x 10! 0.31 1.17 1.10x 103 0.32 1.14 1.36 x 10
(1.01-1.33) (0.98-1.19) (1.07-1.29) (1.07-1.21)
Drinker 0.36 1.35 2.29x10°% 0.32 1.43 1.60x 10710 0.31 1.42 2.58x 10713 0.33 1.41 5.76 x 1029
(1.19-1.53) (1.28-1.59) (1.29-1.55) (1.33-1.50)
GxE 1.18 7.15x 102 1.34 7.20 x 107° 1.18 1.15x 102 1.24 3.04 x 1077
(0.99-1.42) (1.16-1.55) (1.04-1.34) (1.14-1.35)
rs1614972; chr. 4;  Case_control 0.26 1.27 1.34x10° 0.25 1.26 1.62x10° 0.24 1.32 7.87 x 10715 0.25 1.28 8.02 x 1028
100,477,178; (1.15-1.40) (1.17-1.36) (1.23-1.41) (1.23-1.34)
ADHIC; T>C
Nondrinker ~ 0.25 1.16 4.71x102 0.25 1.16 520x 103 0.24 1.17 2.80x 103 0.25 1.16 6.18 x 10°°
(1.00-1.33) (1.04-1.28) (1.06-1.29) (1.09-1.23)
Drinker 0.27 1.36 5.64 x 106  0.25 1.40 1.85x 108  0.24 1.46 1.38x 10713 0.25 1.42 2.39x 10726
(1.19-1.56) (1.25-1.58) (1.32-1.62) (1.33-1.52)
GxE 1.20 7.06 x 102 1.23 7.90 x 103 1.25 1.60 x 103 1.24 2.54 x 106
(0.99-1.45) (1.06-1.44) (1.09-1.44) (1.13-1.36)
rs1229977; chr. 4;  Case_control 0.10 1.37 3.22x10% 0.11 1.31 1.52x 107 0.11 1.33 441 x10°9 0.11 1.33 2.75 x 10720
100,421,437; (1.20-1.57) (1.19-1.45) (1.21-1.46) (1.25-1.41)
ADHIA; C>T
Nondrinker ~ 0.10 1.19 9.89x 102 0.11 1.23 2.90x 103 0.10 1.25 1.80x 103 0.10 1.22 4.89 x 10
(0.97-1.46) (1.07-1.41) (1.09-1.44) (1.12-1.33)
Drinker 0.11 1.49 1.28x 10° 0.11 1.41 1.28x10° 0.11 1.43 2.00x 107 0.11 1.45 8.27 x 10717
(1.25-1.79) (1.21-1.65) (1.25-1.63) (1.33-1.58)
GxE 1.29 6.20 x 102 1.17 1.46 x 107! 1.13 2.14 x 1071 1.19 4.30x 1073
(0.99-1.70) (0.95-1.43) (0.93-1.36) (1.06-1.35)
rs1789903; chr. 4;  Case_control 0.09 1.41 3.35x 10°% 0.09 1.31 1.04x 10°®  0.08 1.40 1.53x 10710 0.09 1.37 9.46 x 10721
100,481,064; (1.22-1.62) (1.18-1.47) (1.26-1.55) (1.28-1.46)
ADHIC; C>G
Nondrinker ~ 0.09 1.27 2.74x 102 0.10 1.13 9.21x102 0.08 1.34 2.00x10% 0.09 1.24 6.67 x 106
(1.03-1.58) (0.98-1.31) (1.15-1.56) (1.13-1.36)
Drinker 0.09 1.54 2.02x10° 0.09 1.55 6.37 x 107 0.09 1.45 6.83x 107  0.09 1.50 1.16 x 10716
(1.26-1.88) (1.30-1.84) (1.25-1.68) (1.36-1.65)
GxE 1.25 1.34x 107! 1.40 3.20x 1073 1.08 4.64 x 1071 1.23 1.90 x 103
(0.93-1.67) (1.12-1.75) (0.88-1.33) (1.08-1.41)
rs1893883; chr. 4;  Case_control 0.14 1.31 1.23x10° 0.14 1.30 3.61x10%8 0.13 1.39 3.98x 107 0.14 1.34 2.69 x 1025
100,343,739; (1.16-1.48) (1.18-1.43) (1.28-1.52) (1.27-1.42)
ADH6; C>G
Nondrinker ~ 0.13 1.21 4.34%x102 0.14 1.21 3.40x 103 0.13 1.37 1.18x10¢ 0.13 1.26 8.48 x 109
(1.01-1.45) (1.06-1.37) (1.21-1.56) (1.16-1.36)
Drinker 0.15 1.39 9.57 x 10® 0.15 1.41 2.04x10°% 0.14 1.45 1.76 x 102 0.15 1.42 2.84 x 10718
(1.18-1.63) (1.22-1.63) (1.29-1.64) (1.31-1.54)
GxE 1.17 2.02x 10! 1.19 7.11 x 102 1.03 7.09 x 107! 1.14 2.20 x 1072
(0.92-1.49) (0.99-1.44) (0.87-1.23) (1.02-1.27)

The P values shown are two sided and were calculated by an additive model in a logistic regression analysis with age, sex, smoking, drinking and the first three principal components (for the GWAS stage only) as covariates for the
subgroups of case_control (individuals included in the case-control study), nondrinker and drinker. The P values for the gene x environment interaction were calculated by conducting a 1-degree-of-freedom Wald test of a single
interaction parameter (SNP x drinking status) as implemented in an unconditional logistic regression with age, sex, smoking as covariates. MAF, minor allele frequency in the controls; OR, odds ratio for the minor allele;

G x E, gene x environment interaction.
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Figure 1 Regional plots of the association results for genotyped and imputed SNPs and the recombination rates within nine significant susceptibility
loci. (a—i) The significant loci are located in chromosomes 4q23 (a),16q12.1 (b),17g21 (c), 22q12 (d), 3927 (e), 17p13 (f), 18p11 (g), 13933 (h)
and 2q22 (i). For each plot, the —log;o P values (y axis) of the SNPs are shown according to their chromosomal positions (x axis). The estimated
recombination rates (cM/Mb) from the HapMap Project (NCBI Build 36) are shown as light blue lines, and the genomic locations of genes within the
regions of interest in the NCBI Build 36 human assembly were annotated from the UCSC Genome Browser and are shown as arrows. SNPs shown in
red, orange, green, light blue and blue have 2> 0.8, 2 > 0.6, 2 > 0.4, 2 > 0.2 and r2 < 0.2 with the tag SNP, respectively. Purple diamonds represent

associations of tag SNPs identified in the GWAS stage.

that the association signals of these other seven SNPs probably point
toward the same locus, which is marked by the top SNP (rs1042026)
(Supplementary Table 2). An imputation analysis in the initial GWAS
identified associations for 111 SNPs within a 2-Mb region centered
on 151042026 (P < 1074), but none of these SNPs was more significant
than the index marker, rs1042026, and a conditional analysis did not
provide evidence for a second, independent susceptibility allele in this
region (Supplementary Table 3).

The markers rs4785204 and rs7206735 at 16q12.1 were also
strong signals that were associated with ESSC risk (OR = 1.24, 95%
CI 1.18-1.29, P bined = 2.24 x 10720 for rs4785204 and OR = 1.20,
95% CI 1.15-1.26, P pineqd = 1.97 % 1071° for rs7206735; Fig. 1b).
These two SNPs are located in close proximity to each other and are in
moderate LD (r* = 0.41 in controls); after conditioning on rs4785204,
rs7206735 was no longer genome-wide significant (Supplementary
Table 2). An imputation analysis identified 40 untyped SNPs cluster-
ing in two blocks with high LD tagged by these markers that reached
a significance of P< 10~%; again, after conditioning on the index SNP
(rs4785204), there was little evidence of a second susceptibility allele
in this region (Supplementary Table 3).

We found new susceptibility loci for rs6503659 at 17q21 (OR =127,
95% CI 1.20-1.34, Py pined = 2.73 x 10716) and rs2239815 at 22q12
(OR = 1.18, 95% CI 1.13-1.23, P., bined = 388 x 10719). Although
we detected residual associations at many imputed SNPs in the
region tagged by rs6503659, none of them was more significant
than the index marker, and conditional analyses did not suggest

the presence of a second susceptibility allele in this region (Fig. 1¢
and Supplementary Table 3). However, of the 36 imputed SNPs
with P < 107 in the region tagged by rs2239815, 8 comprised a
separate significant block that was only in weak LD with rs2239815
(r* = 0.21-0.39) (Fig. 1d). We selected the top two imputed SNPs
from this block, rs4822983 and rs1033667, both of which had
P values that were smaller than that of the genotyped index SNP,
rs2239815, in the initial GWAS for further replication in all samples.
We found that each of these two SNPs was significantly associated
with ESCC risk (OR = 1.27, 95% CI 1.21-1.34, P_ 1ieq = 1.94 x
10722 for rs4822983 and OR = 1.25, 95% CI 1.19-1.30, P, pined =
4.85x 10722 for rs1033667; Table 2). After conditioning on rs4822983
in the combined sample, evidence for the associations between
rs2239815 and rs1033667 and ESCC dropped by over ten orders of
magnitude (Supplementary Table 2); similarly, after conditioning
on rs4822983 in the initial GWAS, there was little evidence of a
second susceptibility marker among the imputed SNPs in this region
(Supplementary Table 3).

The SNP rs2239612 at 3q27 was also associated with ESCC risk (OR =
1.21,95% CI 1.15-1.27, P 1 pined = 5-74 x 10714), all seven imputed
SNPs in this region were in strong LD with rs2239612 (r? = 0.94-0.99),
and we identified no other significant LD block in this region (Fig. 1e
and Supplementary Table 3). An additional two new identified
markers were rs17761864 at 17p13 (OR = 1.21, 95% CI 1.14-1.28,
P 4=2.21x10711) and rs2847281 at 18p11 (OR = 1.20, 95% CI

combine

1.14-1.26, P pined = 249 x 10711). An imputation analysis identified
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Table 4 Two SNPs significantly associated with ESCC risk revealed by a SNP x alcohol drinking interaction analysis in the genome-wide

discovery, replication and combined samples

SNP; chromosome; Genome-wide discovery Replication 1 Replication 2 Combined sample
location (bp); gene; OR OR OR OR
substitution Subgroup MAF (95% CI) P MAF (95% CI) P MAF (95% CI) P MAF (95% CI) P
rs9288520; chr. 2; Nondrinker ~ 0.37 0.69 6.54x 10% 0.33 0.87 3.40x 103° 0.34 0.82 2.60x 10° 0.34 0.81 4.72 x 10712
217,189,516; (0.60-0.79) (0.79-0.95) (0.74-0.90) (0.77-0.86)
IGFB2; G>A
Drinker 0.31 1.18 1.77x 102 0.30 1.08 1.58x 101 0.32 1.06 2.34x 10! 031 1.09 1.00 x 1072
(1.03-1.34) (0.97-1.21) (0.96-1.17) (1.02-1.16)
GxE 0.34 1.71 2.69x10° 0.32 1.24 3.70x 10° 0.33 1.29 2.00x 104 0.33 1.33 4.39 x 10711
(1.41-2.06) (1.07-1.43) (1.13-1.47) (1.22-1.45)
rs17450420; chr. 13;  Nondrinker  0.05 0.62 6.00 x 103 0.05 0.76 8.20x 103 0.04 0.89 2.59x 1071 0.05 0.78 2.00 x 104
103,837,147; (0.44-0.87) (0.61-0.93) (0.72-1.09) (0.68-0.89)
SLC10AZ; A>G
Drinker 0.03 1.74 6.00 x 104 0.05 1.27 578 x 102  0.04 1.22 6.73x 102 0.04 1.34 4.65x 10°°
(1.27-2.37) (0.99-1.62) (0.99-1.51) (1.16-1.54)
GxE 0.04 2.76 1.37x 10 0.05 1.68 1.50 x 103 0.04 1.42 1.68 x 102 0.05 1.70 4.80 x 108
(1.75-4.37) (1.22-2.31) (1.07-1.90) (1.41-2.06)

The P values shown are two sided and were calculated by an additive model in a logistic regression analysis with age, sex, smoking, drinking and the first three principal components (for the GWAS stage only) as covariates
for the subgroups of nondrinker and drinker. P values for the gene x environment interaction were calculated by conducting a 1-degree-of-freedom Wald test of a single interaction parameter (SNP x drinking status) as imple-
mented in an unconditional logistic regression with age, sex, smoking as covariates. MAF, minor allele frequency in the controls; OR, odds ratio for the minor allele; chr., chromosome; G x E, gene x environment interaction.

15 associated SNPs with weaker signals than those of rs17761864 and
rs2847281 (Fig. 1f,g and Supplementary Table 3).

Risk lock found by genome-wide gene-environment analysis
We performed a genome-wide gene-environment interaction analysis
using previous genome-wide-association scan data by testing whether
the per-allele odds ratio for each SNP differed between ever drinkers
and never drinkers. A quantile-quantile plot of the observed versus
expected Wald y? 1-degree-of-freedom test for interaction showed
no evidence for inflation (A = 1.004; Supplementary Fig. 1a). There
were 25 promising SNPs associated with ESCC risk at significance
levels ranging from Pg 5 = 1.42 x 10723 to P = 9.88 x 107°
(Supplementary Fig. 1b). Among them, 15 SNPs were located at 12q24,
including rs11066015 (Pg , ;= 1.42 x 10723), rs11066280 (Pg | =
1.25 x 10717) and rs2074356 (PG ; = 3.38 x 10719), which our previ-
ous report showed all interact with alcohol drinking to promote ESCC
risk!2. rs11066015 is in strong LD with rs671 (r? = 0.79), a functional
SNP in ALDH2 (encoding aldehyde dehydrogenase-2) that is known
to be associated with both a flushing response to alcohol intake and
ESCC risk in a drinking-behavior-specific manner*’-°. We then per-
formed a fast-track replication in the replication 1 samples of the ten
remaining tag SNPs located in regions other than 12q24. Of these
ten SNPs, eight did not replicate (all Pg x ¢ > 0.05; Supplementary
Table 4), and we did not evaluate them further. Additional replica-
tion (replication 2) of rs9288520 at 2q22 and rs17450420 at 13q33
verified their associations with ESCC risk (combined-sample
Pgyp=4.39%x10"" and P, = 4.80 x 1078, respectively). The minor
allele of rs9288520 was associated with reduced risk of ESCC in all
nondrinkers (OR = 0.81, 95% CI 0.77-0.86, P = 4.72 x 107'2) but
was associated with increased risk in all drinkers (OR = 1.09, 95%
CI 1.02-1.16, P = 0.01). Similarly, the minor allele of rs17450420
was associated with reduced ESCC risk in nondrinkers (OR = 0.78,
95% CI 0.68-0.89, P = 0.0002) but with increased risk in drinkers
(OR = 1.34,95% CI 1.16-1.54, P = 4.65 x 10~7; Table 4). Neither of
these two SNPs was significantly related to drinking status in cases,
controls or the combined sample (data not shown). To increase the
spectrum of variants tested, we performed an imputation analysis in
the GWAS set and identified two and nine imputed SNPs, respec-
tively, in the two regions that showed significant interactions with
drinking (Pg i < 107%); however, none of these SNPs was more
significantly related to cancer than the index markers in each region,
rs17450420 and rs9288520 (Fig. 1h,i).

Alcohol use and interaction in ESCC susceptibility

Stratified analyses showed that the nine newly associated SNPs at
22ql12,17q21, 17p13, 16q12.1, 3q27 and 18p11 were all significantly
associated with ESCC risk in the same direction in both drinkers
and nondrinkers; the associations did not differ significantly between
subgroups categorized by alcohol-drinking status (Supplementary
Table 5). The associations for the eight SNPs (rs1042026, rs3805322,
rs17028973, 151614972, rs17033, rs1229977, rs1789903 and rs1893883)
at 4q23 differed by alcohol use, with higher risk in drinkers than in
nondrinkers (interaction P = 2.54 x 10~/ to P = 3.23 x 1072; Table 3),
which is consistent with previously published epidemiologic
data®”>1517_ An analysis of the joint effects of drinking, rs1042026 in
ADHIB and rs11066015 in ALDH?2 on risk of developing ESCC iden-
tified that the odds in drinkers carrying risk alleles at both ADHIB
(GA or AA genotype) and ALDH2 (GA or AA genotype) was approxi-
mately fourfold higher than that in drinkers carrying the nonrisk
ADHIB G and ALDH? G alleles and was more than threefold higher
than that in nondrinkers carrying the risk alleles. The effect sizes of
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ALDH2 GA/AA

ADH1B and ALDH2 genotypes

Figure 2 Plots showing the ORs for ESCC in alcohol drinkers and
nondrinkers with different ADH1B rs1042026 and ALDH2rs11066015
genotypes. The vertical bars represent the 95% Cls. The horizontal dashed
line indicates the null value (OR = 1.0).
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the ADHIB and ALDH2 variants for ESCC risk in nondrinkers were
not large (Fig. 2 and Supplementary Table 6).

Replication of susceptibility loci in a high-risk population

We next examined whether these significant loci were also associ-
ated with susceptibility to ESCC in 1,410 cases and 1,656 controls
obtained from a high-risk population in Shanxi province, China, as
described in a previous GWAS!!. We found that among the 18 SNPs
listed in Tables 2-4, 4 showed significant association (Supplementary
Table 7) in this independent dataset. rs2239815 (OR = 1.24, 95%
CI 1.12-1.38, P = 3.23 x 107°), rs4822983 (OR = 1.28, 95% CI
1.07-1.54, P = 0.0082) and rs1033667 (OR = 1.35, 95% CI 1.20-1.51,
P=295x%1077) at 22q12 and rs2239612 (OR = 1.15, 95% CI 1.01-
1.30, P=0.0343) at 3q27 were all associated with increased ESCC risk
in this group, as was observed in the other groups. A gene-drinking
interaction analysis showed that rs1614972 in ADHIC at 4923 had
evidence for replication (OR = 1.37, 95% CI 1.03-1.82, Pg , g =
0.0281). In this case-control group, there was some evidence for an
interaction between rs2847281 at 18p11 (PTPN2) and alcohol drink-
ing (OR = 1.55,95% CI 1.12-2.15, Pg , = 0.0083).

DISCUSSION

In a multistage GWAS, we identified nine new susceptibility loci
associated with ESCC risk across three independent study groups
comprising a total of 10,123 cases and 10,664 controls. Among these
loci, three had a significant interaction with alcohol drinking, an
important lifestyle risk factor in the development of ESCC. We also
confirmed some of our findings in an independent study from a high-
risk population. To the best of our knowledge, this is one of the largest
studies to explore gene-environment interactions for risk of develop-
ing ESCC by incorporating alcohol-drinking status into the primary
GWAS stage 1 analysis.

Among the six regions with a notable marginal effect for risk of
ESCC, two at 16q12.1 tagged by rs4785204 and rs7206735 contain
the TMEM188, HEATR3 and PAPD5 genes, which are interesting
and plausible candidate genes worthy of follow-up studies. The vari-
ant rs6503659 is located 13,595 bp downstream of JUP and 6,366 bp
upstream of HAPI at 17q21. JUP encodes y-catenin, a cytoplasmic
protein that has a similar structure and function to 3-catenin and
serves as a cell-to-cell attachment molecule through its interaction
with E-cadherin!®1%. The role of y-catenin in cancer is complex and
dependent on the cellular context. Functional loss of y-catenin results
in tumor invasion or metastasis, and y-catenin is an important part of
Wnt signaling?®-22. Therefore, subtle changes in y-catenin expression
caused by genetic variation could potentially influence the differen-
tiation or invasion of certain transformed cells, resulting in cancer
formation. HAPI produces huntingtin-associated protein-1, a bind-
ing partner of the Huntington’s disease protein huntingtin. HAPI
is involved in vesicular transport, gene transcription regulation,
membrane receptor trafficking and other functions such as calcium
release and protein aggregation?>24, However, the function of HAPI
in cancer is not clear.

In a further imputation analysis, we identified two LD blocks at
22q12 that contain XBPI and CHEK2, which encode X-box binding
protein 1 and a cell-cycle checkpoint kinase, respectively. XBP1 is an
important part of the unfolded protein response that is involved in the
regulation of endoplasmic reticulum stress—mediated apoptosis, and
aberrant expression of XBPI has been implicated in cancer develop-
ment and progression, as well as in resistance to drugs?>~28. CHEK2
is responsible for preventing DNA-damaged cells from entering into
mitosis, a crucial step to avert cancer development. It has therefore

been considered as a candidate cancer susceptibility gene?®. Markers
near CHEK2 have been found previously to be promising signals in
the NCI GWAS!! that we used for replication in this study. In view
of the probable important roles of XBP1 and CHEK?2 in cancer, it is
plausible that genetic variations influencing the functions of these
genes may confer susceptibility to ESCC.

rs2239612 is located at 3q27 in ST6GALI, which encodes ST6
[B-galactosamide o-2,6-sialyltransferase. Previous studies have shown
that ST6GALI is upregulated in many types of human cancers,
and elevated expression of ST6GALI is also correlated with tumor
invasiveness and metastasis’®~33. rs17761864 is located at 17p13 in
SMG6 (also known as EST1A), whose product is an essential factor in
nonsense-mediated mRNA decay and telomere maintenance3*3>;
however, whether this gene has a role in cancer is currently unknown.
The variant rs2847281 is located at 18p11 in PTPN2, encoding non-
receptor type 2 protein tyrosine phosphatase, which not only influ-
ences the development of the immune system but is also linked to a
number of autoimmune diseases and cancer®®37.

In this study, we performed gene-environment interaction analyses
by testing for differences in the per-allele odds ratios between ever
drinkers and never drinkers. These analyses identified three genomic
regions that had significant interactions with alcohol consumption
to promote risk of developing ESCC. Notably, on chromosome 4q23
there is a region that harbors a cluster of seven genes encoding alco-
hol dehydrogenase (ADH) family proteins ((listed 5" to 3") ADH7,
ADHIC,ADHI1B, ADHIA, ADH6, ADH4 and ADH5). ADHs oxidize
alcohol to acetaldehyde, a carcinogen that is probably important in
the etiology of alcohol-related cancers®®. Drinkers with the fast ADH
metabolizer genotype produce more acetaldehyde and are expected
to have an elevated risk of these cancers. However, in this study, we
were unable to determine the exact contribution of individual variants
because of the LD pattern over the region covering the ADH genes.
Deep sequencing of this region is warranted to map candidate genes
and variants for follow-up functional analyses. Using a genome-wide
gene-environment interaction analysis, we found that the most signi-
ficant interaction region was for variants at 12q24 harboring ALDH2,
which encodes aldehyde dehydrogenase-2 that, in turn, detoxifies
acetaldehyde to acetate. The directions of our associations reported
here are consistent with those reported in our previous GWAS!? and
other published studies*®°. Furthermore, in the present study, we
evaluated the joint effects of ADHI1B and ALDH?2 variants and drink-
ing on ESCC risk and found that individuals who carried both of
the risk alleles of ADHI1B and ALDH2 and were classified as alcohol
drinkers had the highest risk. These findings clearly indicate a gene-
environment interaction between alcohol use and genetic variation
in the alcohol-metabolizing pathway for developing ESCC. Because
ADHs oxidize alcohol to carcinogenic acetaldehyde, which is then
detoxified by aldehyde dehydrogenases, it is anticipated that indi-
viduals with the combination of the fast alcohol metabolizer geno-
type and the slow acetaldehyde metabolizer genotype would be most
susceptible to ESCC. These results strongly highlight the potential
importance of reducing alcohol use in individuals carrying high-risk
alleles to reduce ESCC risk.

We also identified associations with ESCC risk for rs9288520,
located upstream of IGFBP2 at 2q22, and rs17450420, located in a
gene desert upstream of SLC10A2 at 13q33. These two variants did
not show marginal effects but were significantly associated with risk
when alcohol drinking was incorporated into the genome-wide gene-
environment interaction analysis. Compared to common alleles, the
minor alleles of these two SNPs were associated with decreased risk of
ESCC in nondrinkers and increased risk in drinkers. IGFBP2 produces
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insulin-like growth factor binding protein 2, which is involved in cell
proliferation, migration and apoptosis, and elevated serum IGFBP2
concentrations have been detected in patients with various types of
cancer®. Interestingly, it has been shown that IGFBP2 RNA is over-
expressed in the placenta and fetal lungs of rats fed with alcohol, and
this overexpression is associated with ethanol-induced growth retar-
dation?®. SLCI0A2 encodes a sodium/bile acid cotransporter and has
been suggested to be associated with alcohol dependence*!.

Because of the stringent P values we required for statistical signifi-
cance to prevent false-positive findings in the GWAS, additional asso-
ciations with promising P values were not confirmed in the present
study, underscoring the need to continue the search for new loci®3.
Therefore, it is important to undertake complementary strategies to
discover additional variants, particularly when some genetic effects
are dependent on environmental exposure and may show a substan-
tial effect only when a specific environmental exposure is present.
Indeed, by replication of more potential associated SNPs in expanded
samples and by performing a genome-wide gene-environment inter-
action analysis, we extended our GWAS results with the discovery of
nine new ESCC susceptibility loci.

We also replicated the results in an additional case-control group
from Shanxi province, a region with extremely high rates of ESCC in
China!l. We verified that four of the nine loci identified in the GWAS
and replication samples also had significant marginal genetic effects
on ESCC risk in this high-risk population; however, we found only
modest evidence for a gene—alcohol drinking interaction in this popu-
lation. This apparent inconsistency probably reflects differences in
environmental exposures between general and high-risk populations.
It is well known that in general populations, alcohol drinking and
tobacco smoking are the major risk factors for ESCC!>!7. However,
in some high-risk regions of the Shanxi and Henan provinces in
China, alcohol drinking has little or no association with ESCC
risk#243, whereas other factors such as nutritional deficiencies,
family history and certain chemical carcinogens in the diet are strongly
associated with this type of cancer**~4. In this context, it is therefore
not surprising to observe different genetic risks between general and
high-risk populations. These differences also emphasize the impor-
tance of further analyses of interactions between genetic variants and
the specific environmental factors in high-risk populations.

In conclusion, we have identified nine new susceptibility loci for
ESCC in Chinese populations, extending our previous findings and
advancing the understanding of the genetic etiology of ESCC. The
newly identified susceptibility loci warrant follow-up fine-mapping
and functional studies. Furthermore, the risk variants in the alco-
hol metabolism pathway that we have confirmed in this large study
might be useful for identifying high-risk individuals for the preven-
tion of ESCC in the Chinese population, particularly where alcohol
consumption is a possible health risk.

URLSs. R, http://www.r-project.org/; MACH, http://www.sph.umich.
edu/csg/abecasiss MACH/index.html; LocusZoom, http://csg.sph.
umich.edu/locuszoom/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Study subjects. This study was an extension of our previous GWAS in which
the genome-wide scan sample comprised 2,031 cases with ESCC and 2,044
controls and the replication samples comprised 6,276 cases and 6,165 controls.
The sources and characteristics of these study subjects were described pre-
viously'2. To further increase our statistical power for validation, we added an
additional 1,816 cases and 2,455 controls in the present study. These cases and
controls were recently recruited from the Han Chinese population through
collaboration with multiple hospitals in Beijing and Jiangsu province, China.
A diagnosis of ESCC was confirmed by either histopathologic or cytologic
analyses, as described previously!'2. Demographic characteristics of the sub-
jects, including age, sex, smoking status and drinking status, were obtained
from each patient’s medical records. Control subjects were selected on the basis
of a physical examination and were frequency matched for age and sex to the
cases with ESCC, as previously described!?. All the cases and controls for each
of the replication cohorts were sampled from the same locality and the same
population to assure minimal population stratification. In replication 1, a total
of 3,571 cases and 3,602 controls were collected from the Beijing region, and in
replication 2, 4,521 cases and 5,018 controls were recruited from the Jiangsu,
Henan and Guangdong provinces. This study also included an additional vali-
dation cohort consisting of 1,410 cases with ESCC and 1,656 controls from
a study conducted in a population at high risk for ESCC in Shanxi, China, as
described previously!!. For this study, alcohol drinking status was assessed by
a detailed questionnaire*2. For the present analysis, individuals were classi-
fied as drinkers if they reported drinking any form of alcohol at least twice a
week; otherwise, they were defined as nondrinkers. Individuals who reported
smoking more than 100 cigarettes in their life or smoking tobacco in a pipe
more than 100 times were defined as smokers; all others were defined as non-
smokers. The distributions of the selected characteristics among the cases and
controls for each of the study sets examined in the genome-wide scan and in
each replication are shown in Table 1. At recruitment, informed consent was
obtained from each subject, and the study was approved by the institutional
review boards of the Chinese Academy of Medical Sciences Cancer Institute,
Peking University, SunYat-Sen University Cancer Center, Nanjing Medical
University, the Medical College of Soochow University, Shanxi Cancer Hospital
and the US NCIL.

SNP selection and genotyping for replication. In replication 1, we selected
SNPs with marginal significance (1077 < P < 10~%) for the genetic association
analysis and SNPs with P < 10~ for the genome-wide gene x drinking inter-
action analysis. All selection was based on our previous GWAS scan results'2.
We adopted a two-step approach to select these SNPs. First, we excluded those
SNPs with MAF < 0.01 in both cases and controls and those with genotype
frequencies not conforming to Hardy-Weinberg equilibrium (HWE) in the
controls (P < 0.01). Second, we computed the correlation coefficient (r) of
each pair of adjacent SNPs on the same chromosome to assess LD status. SNPs
with 2 > 0.8 were considered to be in one LD block, and we thus selected the
most significant SNP (with the lowest P value) in the block for replication.
Using these criteria, we selected 175 SNPs for the genetic association analysis
and 12 SNPs for the genome-wide gene x drinking interaction analysis in
replication 1. Genotyping in replication cohort 1 was accomplished with an

Illumina GoldenGate Assay of 187 attempted SNPs (Illumina). We filtered out
SNPs with call rate <95% or with genotype frequencies in controls departing
from HWE (P < 0.01). Finally, 169 and 10 genotyped SNPs passed quality
control and were included in the final genetic association analysis and the final
gene x drinking interaction analysis, respectively. We next selected SNPs with
association at a significance of P < 0.01 for the replication 2 analysis. With
this criterion, 18 SNPs for the genetic association analysis and 2 SNPs for the
gene x drinking interaction analysis were selected and genotyped using a
TagMan genotyping platform (ABI 7900HT Real Time PCR system, Applied
Biosystems) in replication 2.

For genotyping quality control, we implemented several measures in the
replication assays, including (i) case and control samples were mixed in the
plates, (ii) persons who performed the genotyping assays were not aware
of the case or control status of the samples, (iii) both positive and negative
(no DNA) control samples were included on every 384-well assay plate and
(iv) replication of nearly 10% of the total DNA samples (400 in the GWAS scan
and 700 in replication 1) was performed using the TagMan genotyping plat-
form (with duplication concordances of 99.92% and 99.99%, respectively).

Statistical analyses. For the GWAS, associations between genotypes and risk
of developing ESCC were analyzed by an additive model in a logistic regres-
sion (genotypic trend effect with a 1-degree-of-freedom test) framework with
age, sex, smoking, drinking and the first three principal components from
EIGENSTRAT as covariates'?. SNPs imputed using the GWAS scan data were
included in this logistic regression model using SNP ‘dosages’ (the expected
allele counts). Conditional association analyses were conducted by including
in the unconditional logistic regression model the most significant SNP on
4q23, 16q12.1 or 22q12 and examining the association between each of the
remaining SNPs and risk of ESCC. For the analysis of the gene x drinking
interaction, we tested the interaction between each SNP and drinking status by
conducting a 1-degree-of-freedom Wald test of a single interaction parameter
(SNP x drinking status) as implemented in an unconditional logistic regression
based on the equation Y = 3, + 3, x SNP + 3, x drinking status + f3; x (SNP x
drinking status). Here, Y is the logit of the probability of being a case, B, is a
constant, 3; and f3, are the main effects of SNP and dinking status, respectively,
and f; is the interaction term to be tested. We further performed stratified
analyses of significant SNPs identified by a two-phase replication strategy in
different cohorts: we used case or control status as the outcome and tested
the associations in the nondrinker and drinker groups. Sex, age, smoking and
first three principal components served as covariates in both the genome-wide
gene x drinking interaction analysis and the stratified analysis. The odds ratios
calculated are presented for the minor allele of each SNP. For fine mapping
of the significant regions, we used MACH software (see URLs) to impute
untyped markers using LD and haplotype information from the HapMap II
CHB + JPT populations as the reference set. To identify susceptibility genes
underlying the various associations, we analyzed the LD patterns around the
risk-associated SNPs and determined LD blocks where the risk-associated
SNPs were located. We then investigated the gene or genes covered by the LD
blocks. The LD structures and haplotype block plots were generated using
Haploview v4.1 software (see URLs). Significant regions were plotted using
the online tool LocusZoom (see URLSs).
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