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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-%13, Peter Kraft>!?, Kan Zhail>!3, Jiang Chang!!?, Zhaoming Wang*4, Yun Li>, Zhibin Hu®,

Zhonghu He’, Weihua Jia®, Christian C Abnet?, Liming Liang?, Nan Hu?, Xiaoping Miao®, Yifeng Zhou'?,
Zhihua Liu', Qimin Zhan!, Yu Liu!, Yan Qiao!, Yuling Zhou!, Guangfu Jin%, Chuanhai Guo’, Changdong Lu'!,
Haijun Yang!!, Jianhua Fu®, Dianke Yu!, Neal D Freedman?, Ti Ding'?, Wen Tan!, Alisa M Goldstein?,
Tangchun Wu®, Hongbing Shen®, Yang Ke’, Yixin Zeng®, Stephen ] 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 2q22 and 13g33, had a significant association only in the gene-alcohol drinking interaction (gene-environment
interaction P (Pg , p) = 4.39 x 107" 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 . ¢ = 2.54 x 1077 to

P . £ = 3.23 x 10~2). We confirmed the known association of the ALDH2 locus on 12¢24 to ESCC, and a joint analysis showed
that drinkers with both of the ADH1B and ALDH? 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 (55.7) 1,982 (65.5) 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 (53.2) 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 Chinall, 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 of 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 107!1; 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, pined = 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 1072210 P pined = 2.75 % 10720) (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% ClI) P MAF (95% ClI) P MAF (95% Cl) P MAF (95% ClI) P
rs4785204; 0.25 1.30 3.05x 10”7 0.27 1.23 9.45x 108  0.25 1.22 3.07x 108 0.26 1.24 2.24 x 1020
chr. 16; 48,661,235; (1.17-1.43) (1.14-1.33) (1.14-1.30) (1.18-1.29)
HEATR3; T
rs7206735; 0.28 1.29 3.49 x 10”7 0.29 1.21 6.97 x 107  0.28 1.18 1.31x 106 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 5.11 x 107 0.15 1.20 1.00x 10* 0.12 1.27 2.36x 107 0.13 1.27 2.73x 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 107”7 0.20 1.20 1.15x 10> 0.18 1.17 1.00x 104 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
rs17761864; 0.14 1.38 2.16 x 10”7 0.15 1.16 1.60x 103  0.13 1.16 9.00x 104 0.14 1.21 2.21x 1011
chr. 17; 2,118,387; (1.22-1.56) (1.06-1.27) (1.06-1.27) (1.14-1.28)
SMGS6; A
rs2847281; 0.15 1.33 1.37x 106  0.17 1.16 9.00x 10* 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)
PTPN2; C
rs4822983% 0.19 1.46 1.02x 108  0.21 1.22 1.82x10°% 0.19 1.24 2.06 x 108  0.20 1.27 1.94 x 10722
chr. 22; 27,445,066; (1.31-1.62) (1.12-1.32) (1.15-1.34) (1.21-1.34)
CHEK2; T
rs1033667% 0.26 1.33 191x108 0.27 1.17 3.72x10° 0.24 1.26 3.69x 1011 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)
CHEK2; 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.
aDiscovered 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% CI) P MAF (95% ClI) 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)
ADH1B; G>A
Nondrinker ~ 0.24 1.11 1.63x 10! 0.23 1.15 6.80 x 1073 0.21 1.31 491x 107 0.22 1.20 421 x108
(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 1.94 x 1019 0.24 1.51 2.34 x 1036
(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 1.12 x 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 1.89x 107 0.49 0.80 2.83x 10710 0.48 0.84 1.25x 108 0.48 0.81 2.92 x 10724
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 2.00x 107
(0.82-1.06) (0.77-0.93) (0.86-1.04) (0.85-0.95)
Drinker 0.47 0.68 1.23x 109 0.47 0.76 4,12 x 1077 0.47 0.76 1.47 x 109 0.47 0.74 428 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 1072 0.81 7.00 x 104 0.81 5.58 x 1077
(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 1014 0.11 1.41 1.26 x 1029
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 6.00 x 104 0.10 1.35 1.29x 105 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 2.10x 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 1.03 x 10! 1.11 2.87 x 107! 1.14 3.23x 102
(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 4.61x107 0.33 1.22 2.48 x 108 0.31 1.29 7.67 x 10715 0.32 1.26 2.53 x 10728
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 1.02 x 1071 0.31 1.17 1.10x 103  0.32 1.14 1.36 x 105
(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 1.60 x 1010 0.31 1.42 2,58 x 10713 0.33 1.41 5.76 x 10729
(1.19-1.53) (1.28-1.59) (1.29-1.55) (1.33-1.50)
GxE 1.18 7.15 x 1072 1.34 7.20 x 107 1.18 1.15x 1072 1.24 3.04 x 10”7
(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 1.34x 10 0.25 1.26 1.62 x 109 0.24 1.32 7.87 x 10715 0.25 1.28 8.02 x 10728
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 5.20 x 1073 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 x10°® 0.25 1.40 1.85x 108 0.24 1.46 1.38 x 1013 0.25 1.42 2.39 x 10726
(1.19-1.56) (1.25-1.58) (1.32-1.62) (1.33-1.52)
GxE 1.20 7.06 x 1072 1.23 7.90 x 1073 1.25 1.60 x 1073 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 4.41x10° 0.11 1.33 2.75x 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 102 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 1.28 x 10 0.11 1.41 1.28 x 10 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 1072 1.17 1.46 x 1071 1.13 2.14 x 10! 1.19 4.30 x 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 106 0.09 1.31 1.04 x 106 0.08 1.40 1.53 x 1019 0.09 1.37 9.46 x 1021
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 2.74 x102 0.10 1.13 9.21 x 1072 0.08 1.34 2.00 x 10*  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 6.37x 107 0.09 1.45 6.83x 107  0.09 1.50 1.16 x 1016
(1.26-1.88) (1.30-1.84) (1.25-1.68) (1.36-1.65)
GxE 1.25 1.34x 10! 1.40 3.20x 1073 1.08 4.64 x 107! 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 1.23x 105 0.14 1.30 3.61x108 0.13 1.39 3.98 x 10714 0.14 1.34 2.69 x 10725
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 1.21 434 %102 0.14 1.21 3.40 x 1073 0.13 1.37 1.18 x 106  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 105 0.15 1.41 2.04x 106  0.14 1.45 1.76 x10°  0.15 1.42 2.84 x 1018
(1.18-1.63) (1.22-1.63) (1.29-1.64) (1.31-1.54)
GxE 1.17 2.02 x 107! 1.19 7.11 x 1072 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 423 (a),16q12.1 (b),17g21 (c), 22q12 (d), 3g27 (e), 17p13 (f), 18p11 (g), 1333 (h)
and 2qg22 (i). For each plot, the —log; 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 r? < 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 16ql12.1 were also
strong signals that were associated with ESSC risk (OR = 1.24, 95%
CI1.18-1.29, Py pined = 2-24 x 10720 for rs4785204 and OR = 1.20,
95% CI 1.15-1.26, Py mpined = 1.97 x 1071° for rs7206735; Fig. 1b).
These two SNPs are located in close proximity to each other and are in
moderate LD (72 = 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 < 107%; 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 =1.27,
95% CI 1.20-1.34, P pined = 2-73 % 10716) and rs2239815 at 22q12
(OR =1.18, 95% CI 1.13-1.23, P.obined = 3-88 x 1071%). 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. 1c
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 1.94 x

combined =

10722 for rs4822983 and OR = 1.25, 95% CI 1.19-1.30, P, pined =
4.85 x 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 ibined = 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,
Py mbined = 221 x 10711) and rs2847281 at 18p11 (OR = 1.20, 95% CI

C

1.14-1.26, P 1 pined = 2-49 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% ClI) P MAF (95% CI) P MAF (95% Cl) P MAF (95% ClI) P
rs9288520; chr. 2; Nondrinker ~ 0.37 0.69 6.54x 108 0.33 0.87 3.40x 103 0.34 0.82 2.60x 107 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 1.58 x 1071 0.32 1.06 2.34x 1071 0.31 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 3.70x10° 0.33 1.29 2.00x10* 0.33 1.33 4.39x 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 2.59 x 107! 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)
SLCI0AZ; A>G
Drinker 0.03 1.74 6.00 x 104 0.05 1.27 5.78 x 1072 0.04 1.22 6.73 x 102 0.04 1.34 4.65 x 1075
(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 1.50x 103 0.04 1.42 1.68x 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 g = 1.42 x 10723 to P , p = 9.88 x 107°
(Supplementary Fig. 1b). Among them, 15 SNPs were located at 12q24,
including rs11066015 (Pg 4 g = 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 ALDH?2 (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-

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”7 to P = 3.23 x 10~%; Table 3),
which is consistent with previously published epidemiologic
data®7%1>17_ 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?2 G alleles and was more than threefold higher
than that in nondrinkers carrying the risk alleles. The effect sizes of

formed a fast-track replication in the replication 1 samples of the ten 1
remaining tag SNPs located in regions other than 12q24. Of these W Drinker
ten SNPs, eight did not replicate (all Pg X > 0.05; Supplementary 5. @ Nondrinker
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 ]
PGy p=439x 10" and Pg, ;= 4.80 x 1078, respectively). The minor ~ §
allele of rs9288520 was associated with reduced risk of ESCC in all g 34
S

nondrinkers (OR = 0.81, 95% CI 0.77-0.86, P = 4.72 x 10712) 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 107>; 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 , g < 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).

ADH1B GG
ALDH2 GG

ADH1B GA/AA
ALDH2 GG

ADH1B GG
ALDH2 GA/AA

ADH1B GA/AA
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 ALDHZ2rs11066015
genotypes. The vertical bars represent the 95% Cls. The horizontal dashed
line indicates the null value (OR = 1.0).

1094

VOLUME 44 | NUMBER 10 | OCTOBER 2012 NATURE GENETICS



© 2012 Nature America, Inc. All rights reserved.

&

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 =2.95x 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, P , ; =
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, P = 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 XBP1 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

ARTICLES

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 a.-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 ESTI1A), whose product is an essential factor in
nonsense-mediated mRNA decay and telomere maintenance343%;
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,ADHIB, 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 ADHIB and ALDH?2 variants and drink-
ing on ESCC risk and found that individuals who carried both of
the risk alleles of ADHIB 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*4~46, 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.

URLs. 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!'?. 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!2. 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 < 107 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 () of
each pair of adjacent SNPs on the same chromosome to assess LD status. SNPs
with r? > 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 = B + 8; x SNP + f3, x drinking status + f; x (SNP x
drinking status). Here, Y is the logit of the probability of being a case, 3 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 URLS).
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ARTICLE

Joint Linkage and Association Analysis
with Exome Sequence Data
Implicates SLC25A40 in Hypertriglyceridemia

Elisabeth A. Rosenthal,!* Jane Ranchalis,! David R. Crosslin,2 Amber Burt,! John D. Brunzell,?
Armno G. Motulsky,!-2 Deborah A. Nickerson,? NHLBI GO Exome Sequencing Project,
Ellen M. Wijsman,24 and Gail P. Jarvik!.2

Hypertriglyceridemia (HTG) is a heritable risk factor for cardiovascular disease. Investigating the genetics of HTG may identify new drug
targets. There are ~35 known single-nucleotide variants (SNVs) that explain only ~10% of variation in triglyceride (TG) level. Because of
the genetic heterogeneity of HTG, a family study design is optimal for identification of rare genetic variants with large effect size because
the same mutation can be observed in many relatives and cosegregation with TG can be tested. We considered HTG in a five-generation
family of European American descent (n = 121), ascertained for familial combined hyperlipidemia. By using Bayesian Markov chain
Monte Carlo joint oligogenic linkage and association analysis, we detected linkage to chromosomes 7 and 17. Whole-exome sequence
data revealed shared, highly conserved, private missense SNVs in both SLC25A40 on chr7 and PLD2 on chrl7. Jointly, these SNVs
explained 49% of the genetic variance in TG; however, only the SLC25A40 SNV was significantly associated with TG (p = 0.0001).
This SNV, ¢.374A>G, causes a highly disruptive p.Tyr125Cys substitution just outside the second helical transmembrane region of
the SLC25A40 inner mitochondrial membrane transport protein. Whole-gene testing in subjects from the Exome Sequencing Project
confirmed the association between TG and SLC25A40 rare, highly conserved, coding variants (p = 0.03). These results suggest a

previously undescribed pathway for HTG and illustrate the power of large pedigrees in the search for rare, causal variants.

Introduction

Cardiovascular disease (CVD) is the leading cause of death
in the United States and poses a significant morbidity and
cost for treatment after cardiac events. CVD is associated
with the correlated traits of high LDL, low HDL, high total
cholesterol, high triglyceride (TG) (defined as 200 <
TG < 500 mg/dl in adults'), hypertension, diabetes, and
metabolic syndrome. Furthermore, CVD is associated
with environmental variables that can be confounded
with lipid levels, such as obesity, poor diet, lack of exercise,
and smoking.

Hypertriglyceridemia (HTG), defined as TG > 500 mg/dl
in adults,’ is a risk factor for CVD, independent of high
LDL and low HDL.”’ Although HDL and TG levels are
highly correlated, an independent role of HDL level in
CVD etiology has been challenged by recent Mendelian
randomization studies and the failure of cholesteryl ester
transfer protein inhibitors to reduce vascular events.®’
Conversely, Mendelian randomization suggests a causal
role of TG in CVD.'" Elevated TG has been implicated in
both microvascular and macrovascular endothelial
damage with associated atherosclerosis.” Within the
United States, ~16% of adults of European origin have
high TG levels, indicating a need for further interven-
tion.” However, studies of TG level and lipid metabolism
have been difficult.”” One reason for this difficulty is the
existence of high within-individual variation of TG

measurement that expands with increasing TG. High TG
is also associated with high LDL and low HDL, making it
difficult to tease apart the effect of specific lipids on CVD
risk within studies.

There are currently few pharmacological treatments for
elevated TG. The most common treatment, fibrates,
effectively reduces elevated TG and reduces the risk for
cardiovascular events.'"'? Unfortunately, some 5% of
individuals stop using fibrates because of side effects.'
Other potential drugs, targeting different parts of the
metabolic pathway, have been found to have intolerable
complications such as fatty liver or to actually raise the
risk of cardiovascular events.'?

In order to find additional effective treatments, studies
of TG need to be undertaken. Focusing on the genetic con-
trol of elevated TG may remove some of the confounding
with LDL and HDL and lead to new drug targets. TG is
known to be heritable and there are several known genetic
mutations that influence TG levels, most notably those in
the structural loci for ApoAS and ApoC3."**' In mice,
expression of both Apoa5 and Apoc3 are associated with
TG levels.”” > Whereas circulating levels of ApoAS5 are
negatively associated with TG levels, ApoC3 levels are
positively correlated with TG. However, there is conflicting
evidence in humans for an association between CVD and
single-nucleotide variants (SNVs) within APOC3 (MIM
606368) and APOAS (MIM 107720).>°*° These and other
known genetic variants explain only ~10% of the genetic
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variation in TG,””*' which may explain the conflicting

evidence indicating a relationship between regulatory
SNVs and CVD.

The genetic heterogeneity in the etiology of high TG
makes large family studies the optimal design for identifi-
cation of novel TG loci with large effect sizes.” This design
allows for the study of numerous people with an identical
mutation and the ability to study cosegregation as well as
association. For these reasons, we set out to discover genes
underlying elevated TG in a single large family, described
as familial combined hyperlipidemia (FCHL [MIM
144250]) in the 1980s and resampled in the 2000s,
yielding five generations, four of which have phenotype
and marker data. FCHL is genetically heterogeneous and
characterized by variable atherogenic lipoprotein levels
in multiple family members,””° making it an ideal diag-
nosis to identify novel lipid level genes. This family
includes four related individuals, including the proband,
with TG measurement in the top 1/2 percentile of adults
in the United States,”® and previously reported genetic
variation associated with TG does not explain the elevated
levels. Segregation analyses supported at least one major
gene for high TG in this family.

By using linkage analysis and whole-exome sequence
data, we detected two candidate genes of interest.
Although whole-exome sequencing has proven powerful
in discovering underlying loci for simple Mendelian traits
and de novo mutations, it has not yet been as successful
in uncovering major contributing loci to complex traits.
With family data, we have the opportunity to observe
the same very rare variant in multiple family members
and to evaluate cosegregation of a single variant with a
phenotype. In this paper, we show that reduction of the
search space by using linkage analysis in a large family,
and then focusing on rare exome variants, can be used to
successfully discover multiple major contributing loci for
a heterogeneous, complex quantitative trait. This allows
single gene burden testing in a second cohort, eliminating
the need for multiple gene tests, which increases the power
to detect an association.

Subjects and Methods

Subjects and Phenotype

The family presented here was ascertained in the 1980s as part of a
cohort of four families of European American descent that had the
diagnosis of FCHL. Observed TG in these families was previously
shown to be associated with increased risk of CVD mortality.””
The proband had fasting triglycerides >2,900 mg/dl*® and normal
LDL-C levels. The family was subsequently ascertained and diag-
nosed with FCHL, based on hypertriglyceridemia and hypercho-
lesterolemia in first-degree relatives. The proband was originally
hypothesized to represent a homozygote for FCHL, thought to
be a Mendelian trait at that time. Re-collection of samples as
well as sampling of additional family members, particularly in
the youngest generation, took place in the 2000s. The final pedi-
gree contains 5 generations of 121 individuals and includes five

large sibships (n = 5, 5, 6, 7, and 9). Fasting TG was measured
on 85 individuals (74 in the 1980s and 41 in the 2000s) via stan-
dard enzymatic methods, and reported in mg/dl.>’ The same
methods were employed in the 1980s and 2000s. TG ranged
between 22 and 2,926 mg/dl, with a median of 111 mg/dl for
individuals not taking statin drugs. Twenty-six family members
had TG > 200 mg/dl and 8 had TG > 500 mg/dl. Four related
subjects in the second and third generations had TG > 1,000
mg/dl, making this family a good candidate for linkage analysis.
In addition, none of the subjects were taking lipid-lowering med-
ications in the 1980s and only nine were taking such medication
in the 2000s. All subjects, or their representative, gave written,
informed consent and this study was approved by the University
of Washington Human Subject Review Board (FWA #00006878).

TG Adjustment
Fasting TG level is a highly right-skewed phenotype that is associ-
ated with age, sex, and body mass index in typical European
American populations. Because of the ascertainment, the TG in
this data set does not follow typical distributions and adjusting
the TG via a linear model with the family data would not result
in a reliable phenotype. To increase the power to detect linkage,
we corrected for this ascertainment by adjusting TG (adjTG) by
using the age- and sex-based means and standard deviations
from The Lipid Research Clinics Population Studies Data Book,
Volume 1,*” added the constant 8 to avoid negative values, and
then log transformed the data (log-adjTG) to reduce skew.
Because TG was measured in the 1980s and 2000s for 30 individ-
uals, we generated three overlapping phenotype data sets. Data set
“19800nly” contains phenotypes from the 1980s only (n = 74, all
statin-free). Data set “1980plus” contains phenotypes from the
1980s and phenotypes for only the newly sampled individuals
from the 2000s who are not taking lipid-lowering medications
(n = 85 statin-free). Data set “2000plus” contains all phenotypes
from the 2000s for individuals not taking lipid-lowering medica-
tions and phenotypes from the 1980s for individuals who only
have phenotype at this time point or who were taking statin drugs
in the 2000s (n = 85 statin-free). Phenotypes in data sets 1980plus
and 2000plus differ for 21 individuals.

Genotyping

The family was extensively genotyped via highly polymorphic
markers, common SNVs, and next-generation exome sequencing.
Quality control on all genotype data as well as alignment to the
Rutgers Build 35 map was performed as described previously.*'**
In brief, STR markers from Marshfield Panel 9 (1980s), Prevention
Genetics Set 13 (2000s), and selected regions from Decode (1980s
and 2000s) were genotyped in the family (n = 82). In addition,
~50K SNVs from the [llumina HumanCVD Bead chip were geno-
typed in the family (2000s, n = 64).** Finally, the exome was
sequenced on the Solexa platform for 16 individuals selected for
their phenotypes and informativeness for imputing the genotypes
of others.*"** Novel SNVs of interest, detected with exome
sequencing, were genotyped in the entire pedigree via custom
TagMan Genotyping Assays with the Applied Biosystems
7900HT real-time PCR system®® or Veracode 384-plex Bead
Plates.*®

Joint Segregation and Linkage Analysis
Given that log-adjTG is a complex trait with an unknown mode of
inheritance in these data, we used an iterative Bayesian oligogenic
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Table 1.

Percent Variance of log-adjTG Explained in the Family, by Previously Reported SNVs

Chr Gene (SNV, Proxy) MIM # SNV Proxy % Vtot (SD) % Vg (SD) p Value
1 DOCK7 604774 152131925 151748195 33) 14 (16) 0.84
1 GALNT2 602274 1s1321257 154846914 4(3) 23 (20) 0.15
2 APOB 107730 1s1042034 NA 43) 16 (17) 0.73
2 GCKR 600842 151260326 NA 4(3) 18 (19) 0.09
3 MSL2,* PCCB 614802, 232050 15645040 1s3821445 3(2) 17 (19) 0.34
4 AFF1 159557 rs442177 1s3775214 2(2) 13 (17) 0.68
7 TBL2 605842 rs17145738 NA 5(4) 20 (18) 0.04
8 LPL,®* LPL 609708 1s12678919 1512679834 2(2) 14 (19) 0.64
8 TRIBI* 609461 1s2954029 1s17321515 3(2) 13 (16) 0.60
10 CYP26A1* 602239 152068888 154418728 4(3) 24 (21) 0.25
11 FADS1, FADS2 606148, 606149 15174546 151535 3(2) 14 (18) 0.82
11 APOAS 606368 1s3135506 NA 2(2) 14 (18) 0.67
15 LIPC 151670 156074 15871804 4(3) 18 (17) 0.17
15 LIPC 151670 15261342 NA 2(2) 15 (19) 0.94
16 CTF1? 600435 1511649653 NA 3@3) 14 (16) 0.47
16 CETP 118470 157205804 151532625 33) 21 (21) 0.99
19 APOE,* APOCI?* 107741, 107710 1s439401 NA 53) 20 (18) 0.12
19 SUGP1, GATAD2A 607992, 614997 1s10401969 1s3794991 1(2) 10 (17) 0.70
20 PLTP 172425 rs4810479 NA 7 (5) 30 (18) 0.56

Estimated percent total variance (Vtot), percent genetic variance (Vg), and p value for pedigree adjusted association of log-adjTG and known or suspected
pathogenic SNVs in the family. Proxy SNVs from the CVD chip were used in place of the reported SNVs that did not exist on the CVD chip. Proxy SNVs are corre-
lated with the original SNV (r* > 0.8). APOAS (rs3135506) was genotyped separately in the family. The second column from left gives the gene name for the SNV
and its proxy, if necessary. Gene names are from NCBI and aliases are as follows: DOCK7 = ANGPTL3, AFF1 = KHL8, TBL2 = MLXIPL, SUGPT = CILP2. SD indicates

standard deviation.
SNV is near but not within a gene.

joint segregation and linkage analysis approach from the package
Loki2.4.7.*” This approach has many advantages for these data.
First, Loki is capable of handling multipoint analysis on a large
pedigree. Second, the user does not supply a trait model; rather,
a prior distribution on the genetic effects is supplied, allowing
the trait model, including the number of QTLs, to vary within a
plausible model space. Third, missing trait-locus genotypes can
be sampled at each iteration, given the marker segregation in the
pedigree. Fourth, genotype covariates can be included in the
model, allowing for estimation of the genetic variation explained
by a SNV at each iteration, including the information from the
estimated missing genotypes. Over an entire run, the average total
variation (Vtot) and genetic variation (Vg) explained can then be
used to estimate the percent Vtot and Vg explained by that SNV.
In addition to modeling the possibility of multiple QTLs, variance
resulting from any polygenic effects is captured by Vg. Because
calculating p values is time consuming with this method, we calcu-
lated the Bayes factor (BF) for 2 cM intervals across the genome,
which compares the posterior odds to the prior odds that a QTL
is located in the region. We consider a maxBF > 25 as suggestive
of linkage.*"*® All identified linkage regions were jointly analyzed,
allowing the regions to compete for the modeled QTLs.

Because the trait under study is skewed, it is important to specify
a prior distribution that is expansive enough to include a likely
model but not so broad that the space cannot be adequately

sampled. Furthermore, the detected regions of linkage should be
consistent given differing prior distributions. By using methods
described previously,*”>' we used several values for the under-
lying additive genetic effects, ranging between 1 and 8 times the
standard deviation (SD) of log-adjTG in order to verify consistency
of detected linkage regions. Here we report the results for the prior
distribution with mean additive genetic effect = 2.7 times the SD
of log-adjTG. All runs contained 1,000 burn-in iterations followed
by 200,000 iterations (1 chromosome) or 500,000 iterations
(2 chromosomes jointly), of which every 10" iteration was saved.
The prior distribution on the number of QTLs followed a curtailed
Poisson(1) distribution with a maximum of 15. The total map
length was assumed to be 3,000 cM. The prior distribution on
the allele frequency for all QTLs is set to Uniform(0,1) and cannot
be changed by the user.

Candidate Locus Analysis

Candidate loci were assessed for the estimated percent Vtotand Vg
that they explained in the family. These candidate variants were
chosen from two sources (Tables 1 and 2 and Table S1 available
online). First, candidate SNVs known or thought to be associated
with TG,”"? including APOAS variant 153135506, were assessed
within the family primarily via the CVD chip data. If the reported
SNV was not on the CVD chip, we attempted to find a correlated
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Table 2. Distribution of Novel SNVs under the Linkage Signals on
Chr7 and Chr17
Chr. 7 17
# novel sites 53 20
Intergenic 2 1
Intronic 4 1
3’ UTR 1 1
5 UTR 1 0
Synonymous 23 2
Splice 0 1
Missense 22 14
GERP > 3 12 6
Shared 1 4
Liver expressed 1 2

The final row indicates the number of novel SNVs that are missense or splice
sites, have Genomic Evolutionary Rate Profiling score (GERP) > 3, and are
shared by at least two relatives with high log-adjTG. Novel is defined as not
existing in dbSNP134.

proxy SNV (1* > 0.8) within 500 bases of the reported SNV.>***
APOAS SNV 153135506 was genotyped separately. A Bonferroni
adjustment was used for the testing of these known candidate loci.

Candidate rare SNVs were chosen from the exome data in the
linkage regions. Exome sites were filtered based on novelty, coding
effect, conservation across mammals, and sharing of the rare allele
among the four individuals with TG > 1,000. Because the genetic
basis of TG in this family had yet to be discovered, we hypothe-
sized that the high levels of TG were due to novel variation. We
defined a variant as novel if it did not have an rsID in dbSNP134
at the time of exome sequencing (April 2012)°> and occurred at
most once in the NHLBI Exome Sequencing Project (ESP) data
on 6,500 exomes. Only sites that had an effect on the coding
sequence (nonsense, missense, or splice) were kept. Conservation
across mammals was calculated by the Genomic Evolutionary Rate
Profiling (GERP) score;*° positive values indicate conservation and
negative values indicate lack of conservation. Only sites with a
GERP > 3 were considered because we expect only mutations at
locations with high conservation across mammals would be path-
ogenic for high TG. Finally, the rare allele had to exist in at least
two of the four individuals with TG > 1,000. All pedigree members
were genotyped for the novel sites selected with these criteria to
confirm their estimated effect. Variance components analysis in
the package SOLAR®” was used to calculate p values for associa-
tion, in a mixed model analysis that adjusted for correlation
among related individuals through the kinship matrix, which
captures any underlying shared polygenic effect.

Validation of Novel Gene Association

We sought confirmation of association with TG for any gene con-
taining a novel SNV that remained associated with the trait after
genotyping of the full pedigree. By using TG data from unrelated
individuals in the PennCATH, TRIUMPH, Cleveland Clinic,
ARIC, CARDIA, CHS, FHS, JHS, MESA, and WHI cohorts in the
dbGaP posted ESP data, we combined all rare (MAF < 0.5%)
missense, nonsense, and splice SNVs with GERP > 4.8 into a single
genotype factor (1 = presence of a minor allele and O = absence of

all minor alleles) in individuals with measured TG. We used a
GERP cutoff of 4.8 because this is the 75" percentile for GERP of
all identifiable LDL-raising pathogenic SNVs in LDLR (MIM
606945)°°°°%5? (data not shown). We assumed that individuals
missing genotypes at these rare SNVs were noncarriers. We per-
formed this two-sided whole-gene test via a linear model for
log(TG) on the {0, 1} genotype factor, using the package R with
and without adjusting for race (first three principal components
or ethnic group), age, and sex. Statin and fibrate usage is not
contained in this data. However, because these medications reduce
TG levels, their absence from the model serves to make the test
more conservative.

Results

Phenotype

The adjTG is a stable phenotype over time in this data set.
The correlation of adjTG values ~20 years apart, in the 21
individuals with data at both time points and not on
statins, is highly significant (> = 0.78, p = 2.7 x 107%)
with positive slope coefficient (B = 0.5). adjTG level
appears to have larger variance at higher levels, as
expected. The adjusted values were independent of age
and sex, as expected.

Known TG SNVs

There were 18 SNVs, or their proxies, on the CVD chip of
the total 35 (Table 1) that were reported to have an effect
on TG.”"*” These 18 SNVs and the APOAS SNV,
13135506, explained at most 7% Vtot in log-adjTG in
this family (Table 1). In addition, there was no association
with the cumulative genetic risk score’’ and log-adjTG
(p = 0.20). 154810479, in the 5 region of PLTP (MIM
172425), explained the most Vtot in log-adjTG, 7%
(SD = 5%), but was not significantly associated with
log-adjTG (p = 0.56), adjusting for pedigree structure.
The APOAS SNV, 153135506, explained 2.1% Vtot (SD =
2%). SNV 1517145738 in TBL2 ([MIM 605842] alias
MLXIPL) and near one of our linkage signals (see below),
explained 5% Vtot in log-adjTG (SD = 4%) and had the
lowest p value for association, p = 0.04, adjusting for
pedigree structure. This result is not significant given the
Bonferroni adjustment for multiple testing (Bonferonni
cutoff of 0.003). Furthermore, the minor allele is associated
with lower log-adjTG, indicating that this common SNV is
unlikely to explain the high TG observed in this family.
Because these known SNVs did not explain much of the
Vtot in log-adjTG and were not significantly associated
with log-adjTG, we performed linkage analysis to identify
regions of interest.

Joint Segregation and Linkage Analysis Results

Segregation analysis, both alone and in conjunction with
linkage analysis, shows evidence of at least one QTL under-
lying log-adjTG. Given the prior mean additive genetic
effect = 2.7 times the SD of log-adjTG, the posterior prob-
ability of at least one QTL is 0.97, 0.88, and 0.998 for data
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sets 1980only, 1980plus, and 2000plus. The posterior
probability of exactly one QTL is 0.83, 0.54, and 0.23 for
data sets 1980only, 1980plus, and 2000plus. In addition,
the three overlapping data sets show support for log-adjTG
linkage to chr7 and chrl7 (Figure 1). Data sets 1980only
and 1980plus support linkage to both chromosomes.
Data set 2000plus shows support for only chrl7. Using
differing prior distributions on the genetic effects did not
change the locations of the linkage signals (data not
shown). Because data set 1980plus shows support for
both regions and contains more phenotype data than
does 1980only, we continued the analysis with this data
set. The posterior predicted model for 1980plus is a reces-
sive mode of inheritance.

Novel SNVs

Within and near these linkage regions, we found five novel
SNVs that met our criteria for candidacy, labeled N7, N17a,
N17b, N17¢, and N17d, that were private to this family
(Tables 2 and 3). Variant N7 is shared by all four IDs with
TG > 1,000. Although chrl7 contained four SNVs of
interest, they were shared by three different pairs of IDs

80 100
Location (cM)

120 140

with TG > 1,000: N17a at one pair,
N17b at another, and N17c and
N17d at a different pair. These five
SNVs explain 19%, 7.8%, 4.8%, 5.3%, and 5.3% of Vtot,
respectively, in data set 1980plus. It is expected that the
estimated %Vtot explained will decrease upon full geno-
typing in the family, because the most informative people
have measured or imputable genotypes and the branch of
the family without variability of the SNV of interest will
lower the Vtot explained. Therefore, we chose to pursue
full genotyping of N7 and N17a only because they
explain >7% of Vtot with just the exome genotypes, which
is more than the known SNVs in PLTP, APOAS, and TBL2
noted above. These SNVs were in SLC25A40 (MIM
610821) and PLD2 (MIM 602384), respectively. Addition-
ally, no known pathogenic or novel likely pathogenic
variation was found in the known TG genes LPL (MIM
09708), APOC2 (MIM 608083), APOAS5, GPIHBP1 (MIM
612757), and LMF1 (MIM 611761) or in the lipid-related
genes CETP (MIM 118470) and LDLR in the 16 exomes.
Jointly analyzing the chromosomes and their associated
novel SNVs, genotyped in the full family, clarifies the
relationship among these two regions (Figures 2 and S1).
As expected, given the complex model, adjustment for
each SNV impacts the linkage evidence for the other region.

Table 3. Percent Variance of log-adjTG Explained in the Family, by Candidate Novel SNVs

Variant N7 N17a N17b N17c¢ N17d

Chr 7 17 17 17 17

Pos. 87477251 4711152 6021379 2290581 4496467

Gene SLC25A40 PLD2 WSCD1 MNT SMTNL2

RefSeq NM_018843.3 NM_002663.4 NM_015253.1 NM_020310.2 NM_001114974.1; NM_198501.2
NT change c.374A>G c.85A>T c.1246A>G c.1363G>C ¢.730+1G>T; ¢.298+1G>T
Protein change p-Tyr125Cys p-Thr29Ser p-Arg416Gly p-Val455Leu NA

Coding effect missense missense missense missense splice

GERP 5.1 5.1 4.3 3.9 5.0

%Vtot as exome variant 19 7.8 4.8 5.3 5.3

%Vg as exome variant 49 23 22 27 27

maxBF 1.8 48 103 72 66

Estimated percent total variance (Vtot) and genetic variance (Vg) in log-adjTG explained by each of the candidate novel SNVs within the linkage regions, using
only individuals that have exome data. MaxBF are given for when the novel variant is included as a marker and covariate in the joint linkage and association
analysis. Missing genotype data are imputed for other family members. Physical positions are from build 37. In dbSNP137, rsIDs have been assigned to SNVs
N17b, N17¢c, and N17d as follows: N17b = rs200724890, N17c = rs201365025, N17d = rs202160684. There are two RefSeq numbers for SMTNL2 because

it has two isoforms.
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When both chromosomes are analyzed jointly, the linkage
evidence on chr7 was reduced (maxBF = 8), but the linkage
to chrl7 remained (maxBF = 207). Linkage results are
similar when including the fully genotyped SNVs N7 and
N17a as markers only, in the analysis, indicating that
when neither of the SNVs is included as a genotype covar-
iate, the posterior distribution favors chr17 over chr7. How-
ever, only SNV N7 explained all evidence for linkage (chr17
maxBF reduced from 207 to 1, and chr7 maxBF reduced
from 8 to 0.5) when included as a genotype covariate
(Figure 2). When included as a genotype covariate, N17a
explained some of the signal on chrl7 (maxBF decreases
from 207 to 69) and chr7 (maxBF reduces from 8 to 3.5).

The relative strength of each candidate SNV is reflected
in the percent Vg explained by each, as well as the signifi-
cance of the pedigree-adjusted association with log-adjTG.
N7 (Ngt = 40) explained 19% of log-adjTG Vtot and 49% of
Vg. N17a (Ngt = 78) explained 7% of log-adjTG Vtot and
25% Vg. When both variants are included jointly, they
explained 49% of log-adjTG Vg; with N7 and N17a
explaining 40% (p = 0.0001) and 8.6% (p = 0.31) of log-
adjTG Vg, respectively. We also explored the significance
of the known TG SNVs while adjusting for N7 genotype.
In this case, each SNV explained <5% of Vtot and were
not statistically significant (unadjusted p > 0.08). The
TBL2 SNV remained insignificant (unadjusted p = 0.08).
Furthermore, this SNV is carried by individuals with
log-adjTG below the mean, and these are not the same
individuals as those that carry the N7 variant. Although
N7 is associated with log-adjTG, it is not associated with
LDL-C in this family (p = 0.83, Figure S2).

Table 4. Demographic Count Data and Age Distribution for the
ESP Cohort, Broken down by Quantile of log(TG)

Log(TG) quantile M F EA AA Mean (Min, Max) Age
[1.77,4.36] 341 597 434 504 50.15 (12, 85)
(4.36,4.74] 298 666 461 503 57.60 (18, 84)
(4.74,5.13] 312 596 522 386 58.27 (20, 93)
(5.13,6.84] 343 589 664 268 59.69 (21, 90)

80 100
Location (cM)

120 140

Confirmation of SLC25A40 Association

SLC25A40 was significantly associated with log(TG) in a
separate cohort by using ESP data (Table 4). There were
five rare missense SNVs (Table 5) in SLC25A40 with
GERP > 4.8 identified in ESP subjects with TG data.
Notably, the SLC25A40 SNV in the linkage family had
a GERP of 5.1 and each of these five SNVs had
GERPs > 5.1; two were predicted to be “probably
damaging” by PolyPhen.®® Six subjects of European
American (EA) descent and two of African American (AA)
descent carried one of these variants. The two of AA
descent carried the same SNV; this SNV did not vary in
EA in the entire ESP data. The SNVs found in the EA-
descent subjects were also specific to that ancestry group.
No subject carried more than one of these SLC25A40
SNVs. After pooling carrier status for each of these SNVs
into a single factor, the whole-gene test gives a significant
positive association between these high GERP variants at
SLC25A40 and log(TG) (B = 0.45, two-sided p = 0.02),
adjusted for age and sex. This whole-gene association
with log(TG) remains significant and positive when
adjusted for race, age, and sex (B = 0.42, two-sided
p = 0.03). Results are similar when applied to individuals
older than 25 and when removing individuals with a rare
SNV in the gene, whose GERP score ranges between 2
and 4.8. Although the sample size is too small for stratified
testing, the coefficient is positive in both ancestry groups
(B = 0.18 and 1.1 for EA and AA descent, respectively).
Although we focused on SLC25A40 as the best candidate
from this region, we sought to rule out associations of
other regional genes and log(TG) in the ESP cohort by
similar analyses (Table S2). Carrier status at PLD2 (p =
0.48), WSCD1 (p = 0.19), MNT (p = 0.81 [MIM 603039]),
and SMTNL2 (p = 0.87) did not predict log(TG).

Discussion
We identified two genes, SLC25A40 and PLD2, each con-

taining a novel variant that cosegregates with severely
high TG levels in a single large family ascertained for segre-

This data set contains 3,770 verified unrelated individuals. Abbreviations are as
follows: M, male; F, female; EA, European American; AA, African American.

gation of FCHL. Joint analysis of the linkage regions and
these variants indicated that the variant in SLC25A440 is

the most probable variant for pathogenicity. However, we
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Table 5.

Rare SNVs with GERP > 4.8 in SLC25A40 Found in Individuals in the ESP Data

Position rsiD NT Change MAF % (EA/AA/AIl) AA Change GERP PolyPhen n

87470986 NA c.785A>G 0.0118/0.0/0.0078 p-GIn262Arg 5.92 B 1 EA
87483601 NA c.182G>T 0.0/0.0454/0.0154 p.Gly61Val 591 PD 2 AA
87473169 1s145515966 €.641G>C 0.0117/0.0/0.0077 p-Trp214Ser 5.67 PD 1EA
87473143 1s140104130 C.667T>A 0.0349/0.0/0.0231 p-Trp223Arg 5.67 B 3 EA
87477276 NA c.349G>A 0.0116/0.0/0.0077 p.Alal17Thr 5.13 B 1EA

MAF % based on 8,600 European (EA) and 4,406 African American (AA), self-reported ancestry subjects; TG were measured in 2,168 EA and 1,793 AA subjects,
with ancestry genetically verified. Abbreviations are as follows: B, benign; PD, probably damaging.

cannot rule out a possible interaction or additive effect
between these and other identified variants. No known
common pathogenic variants were found to be associated
with TG in this family. We were able to replicate the effects
of rare, conserved missense mutations only in SLC25A40
in the separate ESP cohort.

SLC25A40 is solute carrier family 25, member 40, and its
product localizes to the mitochondria, where it is involved
in membrane transport.°’ Although the gene is ubiqui-
tously expressed, its product is found mainly in the adrenal
gland.” The novel variant in this gene (RefSeq accession
number NM_018843.3), c.374A>G, is located in the
seventh exon (of 12), is highly conserved (GERP = 5.1),
and causes a p.Tyr125Cys substitution in the 338 amino
acid protein. This change is just outside the second helical
transmembrane region of the protein. Although there is no
PolyPhen prediction, the tyrosine at amino acid 125 is
perfectly conserved across vertebrates.”®“’ Furthermore,
the Grantham score is 194, indicating a high chemical
dissimilarity from the wild-type.°* This particular muta-
tion causes a new cysteine that neighbors a cysteine at
position 124 and increases the number of cysteines to 9.
Cysteines play a critical role in protein folding because
they are the only amino acids that can create disulfide
bonds that stabilize the folded form of the protein.®®
This change of a single amino acid to a cysteine allows
for an increased number of folding possibilities, and
possibly a lower entropy stabilization, which can disrupt
the protein’s function.

It is possible that this specific variant is not pathogenic,
but is in linkage disequilibrium with a causal variant
not detected by our exome sequencing. Further gene
sequencing, as well as functional studies, are needed to
verify the association. However, we found evidence for a
pathogenic effect of high TG for rare, conserved
(GERP > 5) missense variants in SLC25A40 in a separate,
unrelated cohort, supporting the idea that SLC25A40
affects TG levels.

Although our analyses suggest that a PLD2 missense
variant may also impact TG, whole-gene testing in a sepa-
rate cohort does not support pathogenicity for the gene.
Further study may be warranted, because this gene may
have biological relevance to TG. PLD2 is phospholipase
D2, whose product catalyzes the hydrolysis of phosphati-

dylcholine to phosphatidic acid and choline, and is ubiq-
uitously expressed. The novel variant in this gene (RefSeq
NM_002663.4), c.85A>T, causes a p.Thr29Ser (out of 934
amino acids) and is highly conserved across mammals.

Three other candidate genes identified on chrl7,
WSCD1, MNT, and SMTNL2, also were not significantly
associated with TG in this separate cohort. Of these three
genes, only SMNTL2 is expressed in liver. SMNTL2 is
smoothelin-like 2, of which very little is currently known.
Because neither WSCDI nor MNT are expressed in liver,
they are less likely to be involved in TG regulation. Little
is known about WSCD1, the WSC domain containing 1
gene. MNT encodes the MAX dimerization protein and is
thought to repress transcription by binding to DNA bind-
ing proteins.’®®” Reliance on the exome-sequence data
rather than full-genome sequencing may have missed
other potentially causal variants.

It is worth noting that the size of the linkage signals do
not necessarily correlate with the candidate gene with the
most evidence for causality. When chr7 and chrl7 are
analyzed jointly, the posterior distribution prefers a reces-
sive QTL with moderate allele frequency on chrl7. This
is most probably due to the ascertainment scheme, lack
of prior information on the allele frequency, and the
observed phenotype segregation. The ascertainment
scheme, which is useful for observing a rare allele multiple
times, artificially inflates the observed allele frequency. In
addition, the uniform prior distribution on the allele fre-
quencies does not allow for a preference for rare alleles.
Finally, the skew of the phenotype data in which offspring
may have much higher phenotype than their parents re-
sults in evidence for a recessive trait. Therefore, segregation
analysis showed overwhelming support for a recessive
gene with a common allele frequency, which fit the marker
and trait segregation at chrl7. Further analysis including
the exome-sequence data as covariate effects, which
included a fixed rare allele frequency in the model, favored
a dominant gene as evidenced by the high association of
the SNV on chr7 with TG in the family.

The sampling and analysis design used here is a powerful
approach for successful identification of novel genes and
biological pathways underlying heterogeneous complex
traits. Ascertainment of a large family segregating extreme
values of a quantitative phenotype reduces the number of
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putative underlying highly penetrant loci, increasing the
chances of finding a variant with biological relevance in
multiple family members. The large size of the pedigree,
although a fraction of the size of a typical GWAS sample,
provides multiple dimensions of information that, when
used jointly, substantially increases the power to detect
linkage.®' Furthermore, correction for the ascertainment
of these extreme phenotypes, as in this study, further
increases power to detect linkage. The use of linkage
analysis further drastically reduces the search space,
limiting the multiple testing problem seen with GWASs
or exome-wide burden tests. Finally, joint linkage and asso-
ciation in such pedigrees, as when both chromosomes 7
and 17 compete for the modeled QTL and the candidate
novel variants are included as covariates, can help deter-
mine which of the identified candidate genes has the
most promise. One limitation of this approach is that the
same rare variant may not be found in a second family or
enough unrelated individuals to provide confirmation;
however, a single or limited number of gene-based burden
tests can be made in an unrelated sample, again avoiding
the penalty of exome-wide multiple comparisons.
Although common alleles have been found to explain a
small portion of moderate to severe HTG in unrelated
samples, we show that rare variation plays a major role
in explaining severe HTG in a family previously diagnosed
with FCHL and that this knowledge can be used to identify
novel genes and biological pathways of interest. Addition-
ally, our linkage results and the replication of a HTG effect
in the ESP data, which is not ascertained on FCHL, lend
support to an oligogenic inheritance of the lipid traits
contributing to the diagnosis of FCHL in this family.
Further evidence for this includes the fact that LDL-C level
is not associated with the SLC25A40 variant in these data,
the proband had normal LDL-C and apoB levels, we do not
detect linkage between LDL-C and this region of chr7 (data
not shown) by similar methodology, and we have previ-
ously reported linkage between apoB level and chr4 in
this family."”> FCHL families may not have a monogenic
disorder as earlier described, but rather a confluence of
separate traits in the same family. Furthermore, the com-
plex nature of the trait within this family is borne out by
the fact that three carriers of the SLC25A40 variant do
not have HTG, although two of them have TG near the
95th percentile (Figure S2), and that one individual with
TG > 500 does not carry the SLC25A40 variant, indicating
that other genetic variants may be influential. However,
the polygenic effects are accounted for in the analysis
and have a small impact on the trait, relative to the major
gene component. Indeed, SLC25440 may be shown to
cause familial hypertriglyceridemia (MIM 145750), given
that it does not appear to raise LDL-C. We note that our
proband had highly elevated TG for a subject with FCHL,
which is why the proband was thought to potentially be
a FCHL homozygote; thus, the relationship of this locus
to a more typical FCHL family with more modest HTG is
not yet clear. Neither SLC25A440 nor PLD2 (or their respec-

tive biological pathways) have been previously implicated
in triglyceride levels, to our knowledge. Functional studies,
in vitro and in vivo, will need to be carried out to verify
that they impact TG levels and to discover the mechanism
by which they have an effect. Given the relevance of high
TG to CVD, TG-lowering treatments targeted to these
pathways may be identified.

Supplemental Data

Supplemental Data include Supplemental Acknowledgments, two
figures, and two tables and can be found with this article online at
http://www.cell.com/AJHG/.
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IMPORTANCE Use of aspirin and other nonsteroidal anti-inflammatory drugs (NSAIDs) is Supplemental content at
associated with lower risk of colorectal cancer. jama.com

OBJECTIVE To identify common genetic markers that may confer differential benefit from
aspirin or NSAID chemoprevention, we tested gene x environment interactions between
regular use of aspirin and/or NSAIDs and single-nucleotide polymorphisms (SNPs) in relation
to risk of colorectal cancer.

DESIGN, SETTING, AND PARTICIPANTS Case-control study using data from 5 case-control and 5
cohort studies initiated between 1976 and 2003 across the United States, Canada, Australia,
and Germany and including colorectal cancer cases (n=8634) and matched controls (n=8553)
ascertained between 1976 and 2011. Participants were all of European descent.

EXPOSURES Genome-wide SNP data and information on regular use of aspirin and/or NSAIDs
and other risk factors.

MAIN OUTCOMES AND MEASURES Colorectal cancer.

RESULTS Regular use of aspirin and/or NSAIDs was associated with lower risk of colorectal
cancer (prevalence, 28% vs 38%; odds ratio [OR], 0.69 [95% Cl, 0.64-0.74]; P = 6.2 x 10728)
compared with nonregular use. In the conventional logistic regression analysis, the SNP
rs2965667 at chromosome 12p12.3 near the MGSTT gene showed a genome-wide significant
interaction with aspirin and/or NSAID use (P = 4.6 x 107° for interaction). Aspirin and/or NSAID
use was associated with a lower risk of colorectal cancer among individuals with rs2965667-TT
genotype (prevalence, 28% vs 38%; OR, 0.66 [95% Cl, 0.61-0.70]; P = 7.7 x 107>3) but with a
higher risk among those with rare (4%) TA or AA genotypes (prevalence, 35% vs 29%; OR,
1.89 [95% Cl, 1.27-2.81]; P = .002). In case-only interaction analysis, the SNP rs16973225 at
chromosome 15g25.2 near the IL16 gene showed a genome-wide significant interaction with
use of aspirin and/or NSAIDs (P = 8.2 x 107° for interaction). Regular use was associated with a
lower risk of colorectal cancer among individuals with rs16973225-AA genotype (prevalence,
28% vs 38%; OR, 0.66 [95% Cl, 0.62-0.71]; P = 1.9 x 1073°) but was not associated with risk of
colorectal cancer among those with less common (9%) AC or CC genotypes (prevalence, 36%

v 39%: OR, 0.97 [95% CI, 0.78-1.20]; P = .76). Author Affiliations: Author
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onsiderable evidence demonstrates that use of
aspirin and other nonsteroidal anti-inflammatory
drugs (NSAIDs) is associated with lower risk
of colorectal neoplasms.*®> However, the mechanisms
behind this association are not well understood. Routine
use of aspirin, NSAIDs, or
both for chemopreven-
tion of cancer is not cur-
rently recommended
because of uncertainty
about risk-benefit pro-
file. Hence, understand-
ing the interrelationship
between genetic markers
and use of aspirin and
NSAIDs, also known as
gene x environment
interactions, can help
to identify population
subgroups defined by
genetic background that may preferentially benefit from
chemopreventive use of these agents and offer novel
insights into underlying mechanisms of carcinogenesis.
Previous genetic studies have examined the association
of aspirin, NSAIDs, or both with colorectal cancer according
to a limited number of candidate genes or pathways.®*°
Thus, to comprehensively identify common genetic markers
that characterize individuals who may obtain differential
benefit from aspirin and NSAIDs, we conducted a discovery-
based, genome-wide analysis of gene x environment inter-
actions between regular use of aspirin, NSAIDs, or both and
single-nucleotide polymorphisms (SNPs) in relation to risk
of colorectal cancer.

CCFR Colon Cancer Family Registry
COX-2 cyclooxygenase 2

GECCO Genetics and Epidemiology of
Colorectal Cancer Consortium

GWAS genome-wide association
study

MAF minor allele frequency

NSAID nonsteroidal
anti-inflammatory drug

PGE, proinflammatory prostaglandin
E;

PTGS2 prostaglandin-endoperoxide
synthase 2

SNP single-nucleotide polymorphism

Methods

Study Population and Harmonization of Environmental Data
We included individual-level data pooled from a case-
control study from the Colon Cancer Family Registry (CCFR)
and 9 studies from the Genetics and Epidemiology of Colo-
rectal Cancer Consortium (GECCO) that were initiated
between 1976 and 2003 and that enrolled cases of colorectal
cancer diagnosed between 1976 and 2011 and matched con-
trols across the United States, Canada, Australia, and
Germany (Table 1). The cohorts are described in the eAppen-
dix in the Supplement. All cases were defined as invasive
colorectal adenocarcinoma and confirmed by medical rec-
ord, pathology report, or death certificate. For prospective
cohorts, nested case-control sets were constructed by fixing
the cohort at a point at which risk set sampling was used to
select cases and controls. For other case-control studies,
population-based controls were used. For all studies, con-
trols were matched on age, sex, and race/ethnicity; for some
studies, controls were also matched on additional factors,
such as enrollment date and trial group.

Study-specific eligibility and our multistep data harmo-
nization procedure are described in the eAppendix in the

JAMA March 17,2015 Volume 313, Number 11
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Supplement. Briefly, within each study, all exposure infor-
mation, including use of aspirin, NSAIDs, or both, was col-
lected by in-person interviews, structured questionnaires,
or both with the reference time for cohort studies as the
time of enrollment (Women’s Health Initiative [WHI]; Pros-
tate, Lung, Colorectal and Ovarian Cancer Screening Trial
[PLCO]; and Vitamins and Lifestyle [VITAL]) or blood draw
(Health Professionals Follow-up Study [HPFS] and Nurses’
Health Study [NHS]). Individuals with missing data on use
of aspirin and NSAIDs were excluded. The precise definition
of regular use of aspirin, NSAIDs, or both, which was deter-
mined individually by each study cohort, is provided in
Table 1.

All participants provided written or oral informed con-
sent, and studies were reviewed and approved by their respec-
tive institutional review boards or ethics committees.

Statistical Methods

A detailed description for genotyping, quality assurance and
quality control, and imputation is provided in the Supple-
ment. Mean sample and SNP call rates, and concordance
rates for blinded duplicates, are listed in eTable 1 in the
Supplement. In brief, genotyped SNPs were excluded based
on call rate (<98%), lack of Hardy-Weinberg equilibrium
(HWE) in controls (P < 1 x 10™4), and minor allele frequency
(MAF) (MAF <5% for WHI Set 1, Diet, Activity and Lifestyle
Study [DALS] Set 1, and Ontario Familial Colorectal Cancer
Registry [OFCCR]; MAF <5/No. of samples for each other
study). Because imputation of genotypes is standard prac-
tice in genetic association analysis, all autosomal SNPs of
each study were imputed to the CEPH collection (CEU)
population in HapMap II using IMPUTE (CCFR), BEAGLE
(OFCCR), and MACH (all other studies).

After imputation and quality-control analyses, a total of
approximately 2.7 million SNPs were used in the analysis. To
reduce heterogeneity, all analyses were restricted to samples
self-reported as of European descent and clustering with Utah
residents with Northern/Western European ancestry from the
CEU population in principal component analysis, including the
HapMap II populations as reference.

Statistical analyses were conducted centrally on individual-
level data. We adjusted for age at reference time, sex, center,
and racial composition using the first 3 principal components
from EIGENSTRAT to account for population substructure.
Each directly genotyped SNP was coded as 0, 1, or 2 copies of
the variant allele. For imputed SNPs, we used the expected
number of copies of the variant allele, which provides unbi-
ased test statistics.” Both genotyped and imputed SNPs were
examined as continuous variables (ie, assuming log-additive
effects).

We analyzed each study separately using logistic regres-
sion models and combined study-specific results using fixed
effect to obtain summary odds ratios (ORs) and 95% Cls. We
calculated P values for heterogeneity using the Cochran Q test.*
Fixed-effect meta-analysis is routinely used in genome-wide
association studies (GWAS) because it is the most powerful ap-
proach for identifying disease-associated variants.'>*4 Fur-
thermore, in our study fixed effect was more appropriate than
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Table 1. Descriptive Characteristics of Study Populations

v N Definition of
als O: Covariates Used Regular Use of
Inception or Age, Mean Female, in Base Model Aspirin and/or
Study Design Country Recruitment Diagnosis Cases Controls (Range),y No. (%) Analysis? NSAIDs?
CCFR Case-control  United States, 1998-2006 1998-2006° 1163 978 54.3 (17-81) 1067 (49.8) Age, sex, 3 At least twice a
Canada, principal wk for >1 mo
Australia components,
center
DACHS Case-control ~ Germany 2003-2010 2003-2010 2339 2180 68.7 (33-99) 1801 (39.9) Age, sex, 3 At least 1
principal time/mo for 21y
components
DALS Case-control  United States  1991-1994 1991-1994 1115 1173 63.8 (28-79) 1027 (44.9) Age, sex, 3 At least 3
principal times/wk for 21
components, mo
center
HPFS Cohort United States 1986 1986-2008 403 401 65.2 (48-83) 0 Age, 3 principal  Currently taking
components at least 2
times/wk
NHS Cohort United States 1976 1976-2008 553 955 59.7 (44-69) 1508 (100)  Age, 3 principal  On average
components >5d/mo
OFCCR Case-control  Canada 2000-2006  1998-2003 553 519 62.1(29-77) 577 (53.8) Age, sex, 3 At least twice/wk
principal for >1 mo
components
PMH-CCFR Case-control  United States ~ 1998-2003  1998-2002¢ 280 122 62.8 (48-73) 402 (100)  Age, 3 principal At least twice/wk
components for >1 mo
PLCO Cohort United States  1993-2001  1994-2009 485 415 63.6 (55-75) 382 (42.4) Age,sex, 3 At least twice/wk
principal in the last 12 mo
components,
center
VITAL Cohort United States  2000-2002  2000-2009 277 279 66.5 (50-76) 268 (48.2) Age, sex, 3 24 d/wk for 1y
principal
components
WHI Cohort United States  1993-1998  1993-2011 1466 1531 66.3 (50-79) 2997 (100)  Age, 3 principal At least once/wk
components, for at least the
region last 2 wk

Abbreviations: CCFR, Colon Cancer Family Registry; DACHS, Darmkrebs:
Chancen der Verhitung durch Screening Study; DALS, Diet, Activity and
Lifestyle Study; HPFS, Health Professionals Follow-up Study; NHS, Nurses’
Health Study; NSAID, nonsteroidal anti-inflammatory drug; OFCCR, Ontario
Familial Colorectal Cancer Registry; PMH-CCFR, Postmenopausal Hormone
Study-Colon Cancer Family Registry; PLCO, Prostate, Lung, Colorectal and
Ovarian Cancer Screening Trial; VITAL, Vitamins and Lifestyle; WHI, Women's
Health Initiative.

2 In the multivariable-adjusted model, in addition to the covariates adjusted in

the base model, those colorectal cancer-related factors, including smoking
status (never, former, or current smoker), body mass index, alcohol
consumption, and red meat consumption, are also adjusted.

®Includes regular use of aspirin only, NSAIDs only, or both aspirin and NSAIDs.

¢ All cases diagnosed between 1998-2006, except 2 cases for which the year of
diagnosis is 1985 and 1995.

9 All cases diagnosed between 1998-2002, except 4 cases for which the year of
diagnosis is 1983, 1984, 1990, 1991.

random effects, since the Q-Q plots and the P value distribu-
tions indicated minimal heterogeneity across studies. More-
over, the effects may not fit a Gaussian distribution as re-
quired by the random-effects model, and the limited number
of included studies may lead to an imprecise estimate of
heterogeneity."

To test for gene x environment interactions between SNPs
and the regular use of aspirin, NSAIDs, or both (including use
of aspirin only, NSAIDs only, or both aspirin and NSAIDs) or
the regular use of aspirin only, we used conventional case-
control logistic regression and case-only interaction analy-
ses. Equations for the models used in the interaction analy-
ses are provided in the eAppendix in the Supplement. We
examined genome-wide correlations between SNPs and use of
aspirin, NSAIDs, or both using linear regression analysis and
did not observe deviation from independence. For all genome-
wide gene x environment interaction analyses, P < 5.0 x 108
(2-sided), which yields a genome-wide significance level of .05,
was considered statistically significant.

As described in the eAppendix in the Supplement, for each
SNP showing gene x environment interaction with use of as-

jama.com

pirin, NSAIDs, or both, we estimated the association of such
use with colorectal cancer risk stratified by SNP genotypes, as
well as associations in strata defined by SNP and use of aspi-
rin, NSAIDs, or both with 1 common reference group. We also
estimated absolute risks associated with use of aspirin, NSAIDs,
or both among individuals defined by specific genotypes based
on Surveillance, Epidemiology, and End Results age-
adjusted colorectal cancer incidence rates (eAppendix in the
Supplement).

All analyses were conducted using R 3.1.2 (R Foundation
for Statistical Computing [http://www-r-project.org]).

|
Results

The characteristics of the 8634 colorectal cancer cases and 8553
controls of European descent within each cohort from the CCFR
and GECCO are provided in Table 1. As shown in the Figure,
compared with nonregular use, regular use of aspirin, NSAIDs,
or both (prevalence, 28% vs 38%; OR, 0.69 [95% CI, 0.64-
0.74]; P = 6.2 x 10728; P = .02 for heterogeneity) or aspirin only
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Figure. Main Associations of Regular Use of Aspirin, NSAIDs, or Both and Aspirin Only With the Risk of

Colorectal Cancer

@ Aspirin, NSAIDs, or both

Colorectal Cancer Diagnosis No./Total (%)

0Odds Ratio

Study Cases Controls (95% Cl)

CCFR 204/1163 (17.5) 297/978 (30.4) 0.60 (0.48-0.75)
DACHS 544/2339 (23.3) 729/2180 (33.4) 0.61(0.53-0.70)
DALS 370/1115 (33.2) 494/1173 (42.1) 0.68 (0.57-0.81)
HPFS 184/403 (45.7) 192/401 (47.9) 0.90 (0.68-1.20)
NHS 172/553 (31.1) 362/955(37.9) 0.77 (0.61-0.96)
OFCCR 101/553 (18.3) 159/519 (30.6) 0.58(0.43-0.78)
PLCO 205/485 (42.3) 224/415 (54.0) 0.63(0.48-0.82)
PMH-CCFR 62/280(22.1) 43/122 (35.2) 0.50(0.31-0.80)
VITAL 120/277 (43.3) 147/279 (52.7) 0.69 (0.49-0.96)
WHI 493/1466 (33.6) 574/1531(37.5) 0.85(0.73-0.98)
Overall 2455/8634 (28.4) 3221/8553 (37.7) 0.69 (0.64-0.74)

P=6.2 x 10728; P=.02 for heterogeneity

Aspirin only
Colorectal Cancer Diagnosis No./Total (%) 0dds Ratio

Study Cases Controls (95% Cl)
CCFR 141/260 (54.2) 236/360 (65.6) 0.73(0.51-1.04)
DACHS 470/2329(20.2) 597/2179 (27.4) 0.68 (0.59-0.79)
DALS 234/1110(21.1) 360/1167 (30.8) 0.59 (0.49-0.72)
HPFS 157/403 (39.0) 168/401 (41.9) 0.88(0.66-1.17)
NHS 107/553 (19.3) 230/955 (24.1) 0.80(0.61-1.04)
OFCCR 77/547 (14.1) 136/512 (26.6) 0.55(0.40-0.76)
PLCO 151/484 (31.2) 183/415 (44.1) 0.56 (0.43-0.75)
PMH-CCFR 46/274 (16.8) 30/121(24.8) 0.54(0.32-0.92)
VITAL 103/230 (44.8) 126/236 (53.4) 0.71(0.49-1.03)
WHI 329/1466 (22.4) 367/1531(24.0) 0.92(0.77-1.09)
Overall 1815/7656 (23.7) 2433/7877 (30.9) 0.71(0.66-0.77)

P=4.96 x 10°19; P=.01 for heterogeneity

Increased
Colorectal
Cancer Risk

Decreased
Colorectal
Cancer Risk

+
<

T
0.4 1.0 2.0
0dds Ratio (95% ClI)

Decreased @ Increased
Colorectal | Colorectal
Cancer Risk | Cancer Risk
+
-
I
[
e
e
] The size of the data markers is
- proportional to the precision of the
< estimate, which is the inverse of the
: . : variance. NSAID indicates
0.4 1.0 2.0 nonsteroidal anti-inflammatory drug.

0dds Ratio (95% CI) For expansions of study names, see

Table 1.

(prevalence, 24% vs 31%; OR, 0.71 [95% CI, 0.66-0.771;
P =5.0 x 107'9; P = .01 for heterogeneity) was associated with
lower risk of colorectal cancer.

For the conventional logistic regression interaction analy-
sis between each SNP and aspirin and/or NSAID use, the
Pvalues are shown in the Manhattan plot and Q-Q plot (eFig-
ure 1 in the Supplement). At chromosome 12p12.3, we ob-
served SNP rs2965667 (MAF = 1.7%) showing a genome-wide
significant interaction with regular use of aspirin, NSAIDs, or
both (P = 4.6 x 107° for interaction). The SNP rs10505806
(MAF = 3.8%), which had the second-lowest P value, was also
found in the same locus, but it did not reach genome-wide
significant interaction (P = 5.5 x 1078 for interaction). These 2
top SNPs (rs2965667 and rs10505806) were highly correlated
(D' = 1.0 and r? = 0.74 in HapMap CEU). In stratified analysis,
compared with nonregular use, regular use of aspirin, NSAIDs,
or both was statistically significantly associated with lower risk
of colorectal cancer among individuals with 1s2965667-TT
genotype (prevalence, 28% vs 38%; OR, 0.66 [95% CI,
0.61-0.70]; P = 7.7 x 10733), which comprised 96% (n = 16 465)
of the population. In contrast, a higher risk was observed

JAMA March 17,2015 Volume 313, Number 11

among the 4% (n = 722) of the population with TA or AA
genotypes (prevalence, 35% Vs 29%; OR, 1.89 [95% CI, 1.27-2.81];
P =.002).

As expected, stratified results for the highly correlated
rs10505806 were similar to those for rs2965667. Compared
with nonregular use, regular use of aspirin, NSAIDs, or both
was statistically significantly associated with lower risk of
colorectal cancer among individuals with r1s10505806-AA
genotype (prevalence, 28% vs 38%; OR, 0.66 [95% CI, 0.61-
0.70]; P = 8.7 x 10733), which comprised 95% (n = 16 328) of
the population. In contrast, a higher risk was observed
among the 5% (n = 859) of the population with AT or TT
genotypes (prevalence, 35% Vs 31%; OR, 1.56 [95% CI, 1.12-
2.16]; P = .008) (Table 2 and eFigure 2 in the Supplement).
The SNP 152965667 also appeared as the SNP with the lowest
P value in the exploratory analyses of aspirin only, but it did
not reach genome-wide significant interaction (P = 8.0 x 1077
for interaction; P = .35 for heterogeneity) (eTable 2 in the
Supplement).

Both of these 2 highly correlated SNPs (rs2965667 and
1s10505806) were imputed across all studies (100% of study
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Table 2. Risk for Colorectal Cancer According to Regular Use of Aspirin and/or NSAIDs, Stratified by the Genotypes of rs2965667, rs10505806,

and rs169732252
Use of Aspirin and/or NSAIDs
SNP/Genotype Nonregular Regular® P Value
rs2965667°¢
T
Participants, No.
Cases 5933 2325
Controls 5088 3119
OR (95% CI)
Base model? 1 [Reference] 0.66 (0.61-0.70) 7.7 x 10733
Multivariable-adjusted 1 [Reference] 0.63 (0.59-0.68) 2.3 x1073°
model®
TAor AA
Participants, No.
Cases 246 130
Controls 244 102
OR (95% CI)
Base model? 1 [Reference] 1.89 (1.27-2.81) .002
Multivariable-adjusted 1 [Reference] 1.76 (1.16-2.66) .008
model®
P value for interactionf 4.6 x107°
rs10505806°
AA
Participants, No.
Cases 5896 2301
Controls 5039 3092
OR (95% CI)
Base model? 1 [Reference] 0.66 (0.61-0.70) 8.7 x 10733
Multivariable-adjusted 1 [Reference] 0.63 (0.59-0.68) 4.2 x 107
model®
ATorTT
Participants, No.
Cases 283 154
Controls 293 129
OR (95% CI)
Base model? 1 [Reference] 1.56 (1.12-2.16) .008
Multivariable-adjusted 1 [Reference] 1.42 (1.01-2.00) .045
model®
P value for interactionf 5.5x 1078

samples), with a mean imputation R? of 0.7 for 1s2965667 and
0.8 forrs10505806 (eTable 3 in the Supplement). To further vali-
date accuracy of imputation, we conducted direct genotyp-
ing of 1s10505806 in participants enrolled in the NHS (553 cases
and 955 controls) and the HPFS (403 cases and 401 controls).

The overall concordance of the SNP rs10505806 between
imputed vs genotyped data was high (Pearson correlation
coefficient r of 0.89). Among the total 956 cases and 1356
controls within NHS and HPFS whom we also directly geno-
typed rs10505806, we compared the gene x environment
interaction statistical effect using direct genotype data with

jama.com

(continued)

the imputed data. We confirmed no material difference in
interaction estimates (P = .50 for heterogeneity) between
imputed data (OR, 2.57 [95% CI, 1.02-6.43]; P = .045 for inter-
action) and directly genotyped data (OR, 2.19 [95% CI, 1.04-
4.59]; P = .04 for interaction).

In case-only interaction analysis, SNP rs16973225 at chro-
mosome 15g25.2 showed a genome-wide significant interac-
tion with regular use of aspirin, NSAIDs, or both (P = 8.2 x 107°
forinteraction). In the stratified analysis, compared with non-
regular use, regular use of aspirin, NSAIDs, or both was statis-
tically significantly associated with lower risk of colorectal
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Table 2. Risk for Colorectal Cancer According to Regular Use of Aspirin and/or NSAIDs, Stratified by the Genotypes of rs2965667, rs10505806,

and rs169732252 (continued)

Use of Aspirin and/or NSAIDs

SNP/Genotype Nonregular Regular® P Value
rs169732259
AA
Participants, No.
Cases 5686 2181
Controls 4840 2909
OR (95% CI)
Base model? 1 [Reference] 0.66 (0.62-0.71) 1.9 x 1073
Multivariable-adjusted 1 [Reference] 0.63 (0.59-0.68) 3.5x 10733
model®
ACor CC
Participants, No.
Cases 491 274
Controls 492 311
OR (95% CI)
Base model? 1 [Reference] 0.97 (0.78-1.20) .76
Multivariable-adjusted 1 [Reference] 0.93 (0.75-1.17) .55
model®
P value for interaction® 8.2 x107°

Abbreviations: NSAID, nonsteroidal anti-inflammatory drug; OR, odds ratio;

SNP, single-nucleotide polymorphism.

2 The numbers of cases and controls were from the base model. For the SNP
1516973225, the total sample size is slightly smaller than in Table 1because of
missing genotype (n = 3).

b Regular use of aspirin only, NSAIDs only, or both aspirin and NSAIDs.

©SNPs rs2965667 and rs10505806 were identified from conventional logistic
regression analysis.

90dds ratios in base models are adjusted for age at the reference time, sex,
center, and the first 3 principal components from EIGENSTRAT.

€ 0dds ratios in multivariable-adjusted models are adjusted for age
at the reference time, sex, center, the first 3 principal components
from EIGENSTRAT, smoking status (never, former, or current
smoker), body mass index, alcohol consumption, and red meat
consumption.

f Pvalues for interaction were calculated after adjusting for age at the
reference time, sex, center, and the first 3 principal components from
EIGENSTRAT.

8SNP rs16973225 was identified from case-only interaction analysis.

cancer among individuals with rs16973225-AA genotype
(prevalence, 28% vs 38%; OR, 0.66 [95% CI, 0.62-0.71];
P =1.9 x 1073°), which comprised 91% (n = 15 616) of the popu-
lation, but was not associated with risk of colorectal cancer
among those with AC or CC genotypes (prevalence, 36% vs 39%;
OR, 0.97 [95% CI, 0.78-1.20]; P = .76) (Table 2 and eFigure 2 in
the Supplement), which comprised 9% (n = 1568) of the popu-
lation.

The SNP 1516973225 was directly genotyped in 9 of 15 study
sets and was imputed with high quality (R* = 0.9) in the re-
maining 6 study sets (38% of study samples) (eTable 3 in the
Supplement). To validate imputation of rs16973225, we com-
pared the gene x environment interaction statistical effect with
colorectal cancer between imputed vs genotyped study sets
in case-only interaction analysis. We found that the interac-
tion statistical effect size was not different (P = .73 for hetero-
geneity) within cohorts based on imputed data (OR, 1.68 [95%
CI, 1.30-2.17]; P = 4.7 x 107> for interaction) compared with
cohorts based on directly genotyped data (OR, 1.59 [95% CI,
1.28-1.97]; P = 4.2 x 10~ for interaction). In the case-only analy-
sis of aspirin only, we did not observe genome-wide signifi-
cant interactions.

JAMA March 17,2015 Volume 313, Number 11

The SNP rs2965667 showing a genome-wide significant in-
teraction with use of aspirin, NSAIDs, or both in conventional
logistic regression case-control analysis also appeared as a
notable variant in case-only interaction analysis, although it
did not achieve a genome-wide significance level (P = 7.5 x 1078
for interaction). Similarly, the SNP rs16973225 reaching a
genome-wide significant interaction with use of aspirin,
NSAIDs, or both in case-only interaction analysis also showed
evidence for gene x environment interaction in conventional
logistic regression analysis (P = 2.2 x 10~ for interaction).

The results for the 3 SNPs showing gene x environment
interaction (rs2965667, rs10505806, and rs16973225) did not
materially change after adjusting for additional colorectal
cancer risk factors, including smoking status, body mass
index, alcohol consumption, and red meat consumption
(Table 2 and eTable 4 in the Supplement). For these 3 SNPs,
we report the ORs for use of aspirin, NSAIDs, or both across
genotypes corresponding to 0, 1, or 2 copies of the variant
allele (eTable 5 in the Supplement) and the ORs for each SNP
by strata of use of aspirin, NSAIDs, or both with 1 common
reference group (eTable 6 in the Supplement), to fully
describe the interaction.
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We estimated absolute risks associated with use of aspi-
rin, NSAIDs, or both among individuals with specific geno-
types defined by each of these 3 SNPs. Compared with non-
use of aspirin, NSAIDs, or both, regular use was associated
with 16.6 fewer colorectal cancer cases per 100 000 individu-
als with the 1s2965667-TT genotype per year; 16.7 fewer colo-
rectal cancer cases per 100 000 individuals with the
15s10505806-AA genotype per year; and 16.8 fewer colorectal
cancer cases per 100 000 individuals with the 1s16973225-AA
genotype per year. In contrast, regular use of aspirin, NSAIDs,
or both was associated with 34.7 additional colorectal cancer
cases per 100 000 individuals with rs2965667-TA or -AA
genotypes per year; 21.1 additional colorectal cancer cases per
100 000 individuals with rs10505806-AT or -TT genotypes
per year; and only 1.5 fewer colorectal cancer cases per
100 000 with rs16973225-AC or -CC genotypes per year.

|
Discussion

Consistent with the preponderance of experimental, epide-
miologic, and clinical trial evidence, we found that use of as-
pirin, NSAIDs, or both was associated with overall lower risk
of colorectal cancer in this large genome-wide investigation
of gene x environment interaction, which included 8634 co-
lorectal cancer cases and 8553 controls. However, we identi-
fied that use of aspirin, NSAIDs, or both was differentially as-
sociated with colorectal cancer risk according to genetic
variation at 2 highly correlated SNPs at chromosome 12p12.3
(rs2965667 and rs10505806) using a conventional logistic re-
gression analysis.

These SNPs are 927 kb to 971 kb downstream from micro-
somal glutathione S-transferase 1 (MGST1 [NCBI Entrez Gene
4257]) (eFigure 3 in the Supplement), a member of the super-
family of membrane-associated proteins in eicosanoid and
glutathione metabolism (MAPEG). MGST1 has high sequence
homology to prostaglandin E synthase (MGST1L1 [NCBI
Entrez Gene 9536]), another homologue of the MAPEG family
that shares 38% of its DNA sequences with MGST1.'®* MGST1
and MGST1L1 are up-regulated in several cancers, including
colorectal cancer.'”'® MGST1L1 is coexpressed and function-
ally coupled to prostaglandin-endoperoxide synthase 2
(PTGS2; also known as cyclooxygenase 2 [COX-2]), and the
combined activity of MGST1L1 and COX-2 increases produc-
tion of proinflammatory prostaglandin E, (PGE,), which pro-
motes carcinogenesis through several mechanisms, includ-
ing stimulation of WNT signaling, an essential oncogenic
pathway of colorectal cancer.’®* An in vitro experiment has
demonstrated that NSAIDs can inhibit expression of
MGST1L1 and COX-2, thereby blocking COX-2-mediated syn-
thesis of PGE, in human colon carcinoma cells.??

Taken together, both MGST1L1 and the closely related
gene MGST1 may influence NSAID-mediated inhibition of
colorectal carcinogenesis partially through involvement in
the PGE,-induced WNT signaling pathway. This finding is
consistent with strong biological evidence linking genes in
WNT signaling; use of aspirin, NSAIDs, or both; and colorec-
tal cancer.”4*>
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Another candidate gene in this region is LIM domain only
3 (LMO3 [NCBI Entrez Gene 55885), a known oncogene lo-
cated about 686 kb upstream from rs2965667 (eFigure 3 in the
Supplement). Altered expression of LMO3 may contribute to
the development of several cancers, such as neuroblastoma and
lung cancer.?%?7

The SNP rs2965667 is also located about 970 kb
upstream from phosphatidylinositol-4-phosphate 3-kinase,
catalytic subunit type 2 gamma (PIK3C2G [NCBI Entrez Gene
5288]) (eFigure 3 in the Supplement). The protein encoded
by the PIK3C2G gene belongs to the phosphatidylinositol-
4,5-bisphosphonate 3-kinase (PI3K) family, which plays a
critical role in cancer.?® Experimental evidence suggests
that activation of PI3K signaling enhances production of
COX-2 and PGE,, which results in inhibition of apoptosis in
colon cancer cell lines that can be restored with NSAID-
mediated blockade of PI3K.>®

Moreover, our previous study found that regular use of
aspirin after diagnosis was associated with longer survival
among the 15% to 30% of patients with colorectal cancer and
with a mutation in phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic subunit alpha (PIK3CA [NCBI Entrez Gene
5290]), one of the PI3K family genes.>° Markedly improved
survival associated with aspirin according to PIK3CA status
was also found in an analysis within a separate clinical trial
cohort.?! Further investigations for the joint effect of these
genes would be helpful to better understand the underlying
molecular mechanisms of aspirin, NSAIDs, and colorectal
cancer.

In the case-only interaction analysis, another SNP,
1s16973225 at chromosome 15q25.2, was identified with
genome-wide significant association. This SNP is about
625 kb upstream of interleukin 16 (IL16 [NCBI Entrez Gene
3603) (eFigure 4 in the Supplement). As a multifunctional
cytokine, IL16 plays a critical role in proinflammatory pro-
cesses, including inflammatory bowel disease, Clostridium
difficile-associated colitis, and many cancers, including
colorectal.??34 Moreover, IL16 may stimulate monocyte
induction of proinflammatory cytokines associated with
tumorigenesis, including IL6 and tumor necrosis factor a,3%3¢
induction of COX-2 expression, and activation of WNT
signaling.3® This evidence suggests the possibility that poly-
morphisms in or near the IL16 gene may regulate the produc-
tion of inflammatory cytokines that modify the chemopre-
ventive effect of aspirin or NSAIDs on colorectal cancer. It is
plausible that those GWAS-identified promising loci outside
of known coding regions affect more distant genes rather
than the closest gene, since GWAS loci may be enhancers that
can influence gene expression over a span of several hundred
kilobases.>”

Our study has several strengths. First, our large sample
size facilitated detection of genome-wide gene x environ-
ment interactions, even using a conventional logistic regres-
sion or case-only interaction analysis and accounting for the
stringent threshold for statistical significance. Second, we
identified variants near genes possessing high functional
plausibility given their critical roles in inflammation and
prostaglandin synthesis, which have been mechanistically
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linked to use of aspirin or NSAIDs and colorectal carcino-
genesis.

We acknowledge some limitations. First, heterogeneity ex-
ists in the definition of regular use of aspirin, NSAIDs, or both
and the range of exposure periods encompassed by each study.
However, we used a standardized harmonization process on
a range of environmental variables, including use of aspirin,
NSAIDs, or both across 10 cohort and case-control studies. The
forest plots (Figure) show the consistency of the association
between use of aspirin, NSAIDs, or both and colorectal can-
cer on a per-study level, and the pooled risk estimate (ie, OR)
is remarkably similar to those from prior studies.3® Thus, bias
attributable to heterogeneity in the definition and period of
exposure is likely to be minimal.

Second, we acknowledge that SNP rs2965667 and the highly
correlated rs10505806 are relatively rare and imputed in all stud-
ies. However, we directly genotyped rs10505806 in cases and
controls within 2 cohorts included in our study population. The
high overall concordance (r = 0.89) between imputed and di-
rectly genotyped data and the consistent gene x environment
interaction statistical effect using either imputed or directly geno-

NSAID-Colorectal Cancer Association by Genetic Variant

typed data support our assumption that our results are not greatly
affected by the amount of imputed data.

Although prior GWAS-based studies have traditionally ex-
amined promising findings within a replication cohort, we did
not split our data into discovery and replication sets because the
most powerful analytical approach is a combined analysis across
all studies.?® This approach is increasingly used as more indi-
vidual-level GWAS data are becoming available.*® Moreover, the
consistency of our findings and lack of heterogeneity across dis-
tinct study cohorts supports the validity of the results.

. |
Conclusions

In this genome-wide investigation of gene x environment in-
teractions, use of aspirin, NSAIDs, or both was associated with
lower risk of colorectal cancer, and the association of these
medications with colorectal cancer risk differed according to
genetic variation at 2 SNPs at chromosomes 12 and 15. Valida-
tion of these findings in additional populations may facilitate
targeted colorectal cancer prevention strategies.
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