1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Eg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
AmJ Med Genet B Neuropsychiatr Genet. 2014 March ; 0(2): 103-110. doi:10.1002/ajmg.b.32213.

ALDH?2 is the major genetic determinant of “daily maximum
drinks” in a GWAS study of an isolated rural Chinese sample

Ellen E. Quillen, Ph.D.1*, Xiang-Ding Chen, Ph.D.2", Laura Almasy, Ph.D.1, Fang Yang,
Ph.D.2, Hao He, M.Sc.2, Xi Li, Ph.D.2, Xu-Yi Wang, M.D.3, Tie-Qiao Liu, M.D.3, Wei Hao, M.D.,
Ph.D.3, Hong-Wen Deng, Ph.D.4, Henry R. Kranzler, M.D.5, and Joel Gelernter, M.D.6:T
1Department of Genetics, Texas Biomedical Research Institute, San Antonio, TX 78245, USA

?Key Laboratory of Protein Chemistry and Developmental Biology of Ministry of Education,
College of Life Sciences, Hunan Institute of Biology, Hunan Normal University, Changsha, Hunan
410081, China

SMental Health Institute, Second Xiangya Hospital, Central South University, Changsha, Hunan
410011, China

4School of Public Health and Tropical Medicine, Tulane University, New Orleans, LA 70112, USA

SUniversity of Pennsylvania Perelman School of Medicine, Department of Psychiatry and
Philadelphia VAMC, Philadelphia, PA 19104, USA

6yale University School of Medicine, Department of Psychiatry, Division of Human Genetics and
Departments of Genetics and Neurobiology; and VA CT Healthcare Center, West Haven, CT
06516, USA

Abstract

Alcohol dependence (AD) is a moderately heritable phenotype with a small number of known risk
genes mapped via linkage or candidate gene studies. We considered 313 males from among 600
members of documented, extended pedigrees in which AD segregates collected in Northern Hunan
Province, China. A joint analysis of both males and females could not be performed as the
difference in alcohol consumption variance was too large. Genome-wide association analyses
were performed for approximately 300,000 single nucleotide polymorphisms (SNPs). Significant
associations found in the ALDH2 region for AD (minimum p = 4.73x1078) and two AD-related
phenotypes: flushing response (minimum p = 4.75x10-26) and maximum drinks in a 24-hour
period (minimum p = 1.54x10716). Association of previous candidate SNP, rs10774610 in
CCDC63, was confirmed but resulted from linkage disequilibrium with ALDH2. ALDH?2 is
strongly associated with flushing response, AD, and maximum drinks in males, with
nonsynonymous SNP rs671 explaining 29.2%, 7.9% and 22.9% of phenotypic variation,
respectively, in this sample. When rs671 was considered as a candidate SNP in females, it
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explained 23.6% of the variation in flushing response, but alcohol consumption rates were too low
among females — despite familial enrichment for AD - for an adequate test of association for
either AD or maximum drinks. These results support a mediating effect of aldehyde
dehydrogenase deficiency on alcohol consumption in males and a secondary, culturally-mediated
limitation on alcohol consumption by females that should be appropriately modeled in future
studies of alcohol consumption in populations where this may be a factor.

Keywords
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Introduction

Alcohol dependence (AD) is a moderately heritable disorder for which two major families of
risk genes have been mapped via linkage and candidate gene association studies: the alcohol
dehydrogenase (ADH) family, which contributes to variation in speed of ethanol metabolism
and yields a variable concentration of acetaldehyde following alcohol consumption; and the
aldehyde dehydrogenase (ALDH) gene family, which mediates acetaldehyde clearance
(Edenberg 2007; Li et al. 2011, 20123, 2012b). Genes in the latter family, primarily ALDH2,
are associated with the flushing reaction seen in some East Asian populations (Thomasson et
al. 1993). These variants have substantial public health importance beyond their relationship
to flushing and AD, as acetaldehyde exposure is also a key risk factor for gastrointestinal
tract neoplasms (Mikko 2012) and the flushing response itself is a indicator of esophageal
cancer risk (Brooks et al. 2009). While these two gene families have been the focus of many
studies, there remains significant unexplained genetic variation in AD.

Genome-wide association studies (GWAS) have been successful at identifying risk genes for
complex traits, but largely unsuccessful in identifying major risk loci. One contributing
factor is the reliance on diagnosis — a dichotomous phenotype — rather than continuous
phenotypes, which have greater statistical power and may be better correlated with the
underlying genetic risk. Furthermore, GWAS have been conducted almost exclusively in
samples of European ancestry, which risks missing variants at very low frequency in
European populations. We address these two issues in the present study by considering
additional phenotypes related to AD risk — flushing response and the maximum number of
standardized drinks consumed in a 24-hour period — in a Chinese population
underrepresented in GWAS. Flushing response (and the associated negative physical
symptoms that occur in the presence of high acetaldehyde concentrations) is an intermediate
phenotype that appears to mediate the volume of alcohol an individual can consume
comfortably. Because this phenotype is most common in East Asian populations, occurring
in nearly 40% of individuals in the present study but less than 10% of Europeans (Whitfield
and Martin 1996), its potential influence is enhanced by this sample selection, while unlikely
to play a major role in populations of European or African biogeographic ancestry.
“Maximum drinks” is a continuous measure that is highly correlated with AD (Dick et al.
2006; Grant et al. 2009; Kendler et al. 2010; Dick et al. 2011). Its inclusion increases power
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by giving meaningful values for individuals without AD and a useful range among those
with the disorder.

We present here a GWAS of these three traits in a relatively isolated Han Chinese
population from Northern Hunan. Due to the combination of physical isolation and low
geographic mobility, a large number of related individuals are found in a small region. Such
isolated populations may facilitate considerably the identification of susceptibility alleles for
complex traits for at least three main reasons: greater linkage disequilibrium (LD)
facilitating locus detection even with less-dense GWAS arrays, greater genetic homogeneity
resulting from founder effects and/or population bottlenecks, and reduced environmental
heterogeneity resulting from a greater degree of shared geographic and cultural factors. This
is particularly relevant for studies of AD, where consistency of exposure across the sample
is an important factor (Gulcher et al. 2001; Ober et al. 1998; Peltonen et al. 2000). We
addressed an important deviation from consistency of exposure between males and females
by focusing the analysis on men. The primary limitation of this overall approach is that risk
variants (and perhaps genes) underlying disease susceptibility in a specific population or
family may not be the same as those contributing to vulnerability in other populations.
However, this is also an argument in favor of including more non-European populations in
GWAS to understand more fully the genetic risk factors for AD.

Materials and Methods

Sample Recruitment

From an initial proband diagnosed with AD, we identified members of a set of extended
pedigrees in which AD segregates living in a relatively isolated region of Northern Hunan
Province, China. The study was approved by ethics committees at Hunan Normal University
and the Yale University School of Medicine and written informed consent was obtained
from each participant. Members of the identified set of pedigrees were interviewed locally
by trained interviewers with clinical experience (XYW, TQL, and WH) using the Chinese
version of the Diagnostic Interview for Genetic Studies (DIGS 2.0; Berney et al. 2002), to
assess AD and related psychiatric phenotypes based on Diagnostic and Statistical Manual of
Mental Disorders version IV (DSM-IV) criteria (American Psychiatric Association 2000).
The DIGS was developed to ascertain psychiatric diagnoses including substance use
disorders, and has been used for genetics studies of schizophrenia (Hwu et al. 2005; Tang et
al. 2007) and heroin dependence (Glatt et al. 2008) in Chinese samples.

Because the DIGS does not query maximum drinks or flushing, we added two questions for
the purposes of this study: “What is the largest number of alcoholic drinks you have ever
consumed in a day?” and “Does your face flush after drinking a little alcohol?”
(approximate back-translations from Chinese). This wording is similar, but not identical to
that used to query maximum drinks in the Semi-Structured Assessment for the Genetics of
Alcoholism (SSAGA) and Semi-Structured Assessment for Drug Dependence and
Alcoholism (SSADDA) instruments also used in studies of alcoholism and drug dependence
(Gelernter et al. 2005; Pierucci-Lagha et al. 2005; Bucholz et al. 1994). The most common
form of alcohol consumed by people in this district is fortified rice wine, which is
approximately 30% ethanol by volume. Drinks were calculated as equivalents of one shot of
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hard liquor (including fortified rice wine), one glass of wine, or one bottle of beer; however,
many responses were given in the local unit “liang,” which was converted to 1.32 standard
units based on volume. Demographic and phenotypic distributions of males and females in
the full sample can be seen in Table 1.

Genomic DNA was extracted from 15 ml of peripheral blood using standard protocols in all
but a small number of cases where DNA was collected from saliva samples using Oragene
DNA isolation kits (DNA Genotek, Ottawa, Ontario, Canada). All samples were genotyped
on the Illumina Cytol12 array version 2-1 at the Yale Center for Genome Analysis, and
called in GenomeStudio software VV2011.1 using genotyping module version 1.8.4 yielding
299,140 single nucleotide polymorphisms (SNPs). From the original 600 participants, 569
samples were retained with call rates of at least 97% and SNPs were removed from analysis
if not successfully genotyped in at least 85% of remaining individuals. A total of 247,725
SNPs were included in the final GWA. One percent of the most highly polymorphic SNPs
were used to confirm reported pedigree structure in PREST (Sun et al. 2002), resulting in
116 pedigrees ranging in size from 2 to 27 individuals with an additional 100 individuals
unrelated to anyone else in the sample. Mendelian errors, detected on the basis of unshared
alleles with parents and likely resulting from miscalls in the genotyping, were detected using
SimWalk?2 (Sobel & Lange 1996, Sobel et al. 2001, Sobel et al. 2002). Across all loci, an
average of 39.4 genotypes were identified and changed to no calls so that no Mendelian
errors remained in the pedigree. This represents an approximate miscall rate of 0.013%.

Two additional SNPs not present on the GWAS microarray were genotyped via TagMan
assay: rs1229984 in ADH1B and rs671 in ALDH2. Both SNPs are functional variants
encoding alcohol-metabolizing enzymes known to contribute to AD risk in Asian
populations. Locations are mapped to NCBI Build 36 throughout.

Genome-Wide Association

Statistical analyses were performed at Texas Biomedical Research Institute using SOLAR
(Blangero & Almasy 1998), except where noted. Genome-wide analyses in SOLAR use
measured genotype association, which applies a likelihood ratio test to an additive model of
allelic effect while including a covariance matrix of pairwise relatedness to control for
kinship. Maximum drinks was inverse normalized to a mean of zero and a standard
deviation of 3 prior to analysis. As a continuous trait, maximum drinks (N = 272 males, h? =
0.49, p=0.002) is expected to have greater statistical power than the categorical AD trait
(Almasy & Blangero 2001), with 80% power to detect variants explaining at least 13.3% of
the variance. The case-control AD analysis of 102 male cases and 212 male controls (h? =
0.46, p = 0.018) spread across 81 pedigrees has 80% power to detect variants with a
genotype relative risk of 2.5. The analysis of flushing response (108 male cases, 190 male
controls h? = 0.47, p = 0.038) has 80% power to detect variants with a genotype relative risk
of 2.4. Age was included as a covariate for all analyses.

Because of the substantial influence of the ALDH2 locus, genome-wide association analysis
(GWA) was rerun for flushing response with rs671 genotype included as a covariate to
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increase power to detect other previously unknown risk variants. In addition to the GWA
analysis, SNPs previously associated (genome-wide p < 5x10°7) with AD, maximum drinks
or other drinking behavior in European-derived populations (Treutlein et al. 2006; Treutlein
& Cichon, 2009; Heath et al. 2011; Schumann et al. 2011) and/or East Asian populations
(Wang et al. 2008; Takeuchi et al. 2011; Wang et al. 2012; Chen et al. 2012) were examined
for association in this sample.

Because the pedigrees were ascertained based on AD probands, the participant pool is
significantly enriched for AD (Table 1), with both males and females showing greater levels
of AD than a randomly ascertained sample in which approximately 6.6% of males and 0.1%
of females would be expected to be alcohol dependent (Hao et al. 2004; Cochrane et al.
2013).

Although males generally exhibit higher levels of AD, the difference in both mean and
variance of maximum drinks between the sexes and the presence of only five affected
women in the sample led us to consider only males in the primary analyses. Of the 127
women queried, 41% reported never having consumed a single drink, contributing to a
variance in maximum drinks among females of 32.4, compared to 122.8 among males.
Distribution of maximum drinks by sex can be seen in Supplemental Figure 1. The
magnitude of the sex-based differences in AD, maximum drinks, and lifetime abstention
rates — despite high levels of alcohol consumption by some male family members — suggests
that cultural factors may differentially influence drinking behavior by sex. The similarity in
flushing rate (36.9% among males and 37.3% among females), a phenotype mediated
entirely by biological factors, supports an environmental (i.e. cultural) explanation for the
substantially lower rate and magnitude of drinking by women. Additionally, the heritability
of maximum drinks and AD in males are 0.49 and 0.46, respectively, but non-significant in
females, further reinforcing that, in this population, the proportion of variance in drinking
behaviors explained by additive genetic variance is greater in males than in females.

Genome-Wide Association

AD, flushing response, and maximum drinks all show multiple significant associations in
males in the region of chromosome 12 containing aldehyde dehydrogenase gene, ALDH2.
At genome-wide significance threshold a = 5x1078, two SNPs were associated with AD with
minimum p = 4.73x108, eight SNPs are associated with maximum drinks with minimum p
=1.54x10716, and 12 SNPs are associated with flushing response with minimum p =
4.75x10726, In all cases, the strongest association in the region was for rs671, a SNP causing
a glutamate to lysine substitution in ALDH2. Figure 1 shows Manhattan plots of the
association results for each of the phenotypes. There is evidence of slight over-dispersion in
the chi-square statistics for each phenotype (A = 1.03-1.04, see Supplemental Figure 2 for g-
q plots) and Table 2 lists both the raw p-values and those adjusted for genomic inflation by
multiplying the raw value by A. Results for the top 1000 associations for each trait can be
found in Supplemental Table 1. With the inclusion of the rs671 genotype as a covariate,
there were no significant associations with any other loci, consistent with ALDH2 mediating
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a substantial proportion of the variation in Chinese males for all of these phenotypes. rs671
explains 7.9% of the variation in AD (17.2% of the genetic variation), 22.9% (47.0%) in
maximum drinks, and 29.2% (62.0%) in flushing response in this sample. However, since
these estimates were calculated in the discovery sample, they are likely to be inflated due to
the so-called “winner’s curse” (Géring et al. 2001). Although known functional mutation
rs671 was found to be significantly associated with all phenotypes under consideration,
rs1229984 in ADH1B was not significantly associated (p > 0.1) with any phenotype.

The clustering of significant hits around ALDH2 across these three related phenotypes
suggests that a man who flushes is less likely to consume large quantities of alcohol in a
limited timeframe and, thus, would be at reduced risk of AD. Indeed, for males without a
flushing response (N = 190) the average maximum drinks score is 17.0 compared to 12.0 in
males with a flushing response (N = 108, t-test for zero difference in mean p = 2.57x10°3,
Figure 2) and 43.8% of males who do not flush are classified as AD, compared to 18.5% of
males who do (x2 = 22.2, d.f. = 3, p < 0.0001).

As an endophenotype, maximum drinks is expected to show both a phenotypic and a genetic
correlation — the proportion of additive genetic effect shared between the phenotypes — with
AD. In this sample, the genetic correlation between AD and maximum drinks (pg) is 0.36
(std. error = 0.29), with age included as a covariate as calculated in SOLAR. This correlation
is similar to that seen between maximum drinks and flushing (og = -0.39, std. error = 0.29,
with age included as a covariate). The genetic correlation between AD and flushing is
significantly larger than the correlation between maximum drinks and either of these
phenotypes (og = -0.68, std. error = 0.33, with age included as a covariate). When rs671
genotype is included as a covariate, pg values become non-significantly different from zero
for each pair of phenotypes, indicating that the majority of the genetic correlation detected
within the power constraints of this sample is due to the effect of ALDH2.

Because 115 of 186 females who had consumed at least one alcoholic beverage in their lives
reported never having been drunk and were not queried about maximum drinks, there is
insufficient data to consider a genome-wide association for this trait or AD in females. For
these 186 females who have consumed alcohol, flushing response was reported and rs671 is
considered as a candidate locus and significantly associated with flushing response in
females (p = 1.25x10°11).

Candidate SNP Analysis

Although this is only the second genome-wide association study of AD and related traits in
China, several SNPs associated with AD and AD-related traits have been identified by
GWAS in European and Japanese populations. SNPs related to AD, maximum or average
alcohol consumption, and/or frequency of consumption were selected through the NHGRI
Catalog of Published Genome-Wide Association Studies (Hindorff et al. 2009) and
considered for AD, maximum drinks, and flushing response in the present sample of males.
Two previous case-control GWAS of alcohol consumption (“drinkers” vs. “non-drinkers™)
have been performed in Chinese or Japanese populations, each identifying an additional
SNP associated with drinking behavior within 1IMB of ALDH2 - rs10774610 in CCDC63
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(Takeuchi et al. 2011) and rs11066280 near C120rf51 (Yang et al. 2013). In both papers, the
authors note a lack of independence between these SNPs and rs671.

Only rs10774610 was present in our sample and itis associated with AD (p = 1.8x1079),
maximum drinks (p = 1.7x109), and flushing response (p = 7.5x10°15). When the ALDH2
SNP, rs671, is included as a covariate in the measured genotype association model, the
association between rs10774610 and maximum drinks is nominally significant (p = 0.014)
as is the association with flushing (p = 0.035).

Discussion

Although the link between ALDHZ2 and flushing response is well established (Li et al.
2012b), this is the first GWAS of a quantitative alcohol-related trait in a Chinese sample,
and the associations at rs671 and surrounding SNPs in ALDH2 are extraordinarily strong for
both flushing (p = 4.75x102%) and maximum drinks (p = 1.5x10-16). In our sample, the
association is so strong and the region of LD surrounding the gene sufficiently broad that
this SNP explains the associations we observed with two of the three SNPs previously
reported in case-control GWAS in Japanese and Chinese populations.

A functional locus in ALDH2, rs671, explains a significant proportion of the genetic and
phenotypic variation in this Chinese male sample. The role of this variant in the inability to
metabolize ethanol fully, leading to nausea and other adverse consequences in addition to
the appearance of facial flushing, has been well established and suggests a mechanism of
action by which the frequency and volume of alcohol consumption is reduced. Due to
overall low consumption of alcohol — which might be considered “environmental censoring”
of phenotypic data — we are unable to draw conclusions about AD risk in the females in our
sample. As this is a family-based sample ascertained on the basis of AD probands and these
families are drawn from a relatively isolated region of China, it should be noted thatthe
variation explained may not be generalizable to other populations in China and certainly will
not be applicable to other populations where rs671 shows significantly different allele
frequencies.

Despite the strong relationship between flushing and reduced alcohol consumption, we note
that 20% of AD men in the sample show aldehyde deficiency, which poses health risks in
individuals who consume alcohol. Studies by Yokoyama and colleagues demonstrate an
elevated risk of esophageal cancer among alcohol dehydrogenase deficient individuals
(rs671 GG) who frequently consume alcohol (Yokoyama et al. 1997, 2005; Brooks et al.
2009). AD, like other substance dependence traits, is a complex phenotype mediated by a
number of environmental and genetic factors, some of which are likely to be population
specific.

There are limitations to this study that should be considered — there are relatively few AD
individuals available for case-control analysis and, for continuous traits, the study is
underpowered to identify variants explaining less than 13% of the variance — but
nevertheless we identified genome-wide significant associations for both traits. This study
highlights the importance of conducting large-scale genetic studies in non-Western/non-
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European populations to assess population-specific risk. Variants that contribute to AD in
populations of European ancestry may not be present in East Asian populations and vice
versa, as is the case with rs671 in the ALDH2 gene, which is rare outside of East Asia (Li et
al. 2012b).

Furthermore, substance dependence traits (and more generally, a subset of behavioral traits)
are particularly susceptible to cultural influences which should be considered in selecting the
appropriate analyses. Cultural expectations of drinking behavior vary by sex. Patterns of
alcohol consumption in China are influenced by a history of medicinal alcohol use and
drinking to enhance social and business bonds that encourages more alcohol consumption by
males. Previous studies have found that Chinese men consume up to 13 times as much
alcohol as Chinese women. (Cochrane et al. 2003) In this sample, the relatively low rates of
AD among women in these AD-enriched families can be understood in the context of a high
rate of lifelong abstention from alcohol. Abstention is problematic for analyses of genetic
risk factors for alcoholism as it can indicate environmental effects (such as cultural
influences), a lack of desire for alcohol (suggesting low genetic risk), or a reaction to
specific experiences such as observing the negative effects of alcoholism on relatives
(suggesting a high level of genetic risk). As a result, the inclusion of both male and female
subjects in the analyses confounds the results; male-only analyses have lower power, but
show stronger associations. Including sex as a covariate is insufficient to address the
differences between the sexes due to the large discrepancy in both variance and mean of
maximum drinks and the small number of women represented among AD cases.

Because culturally-mediated behaviors can significantly influence the distribution of
phenotype, they are best understood through collaboration between local investigators who
have the cultural and clinical experience to collect valid data and researchers with
phenotype-specific and analytical expertise. The collection of samples among non-urban
families enriched for AD dependence would not have been possible without this fruitful
collaboration, and expands our understanding of the impact of genetic variation in China
beyond the major urban centers where most previous genetic samples have been collected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Manhattan plots of GWA results
Horizontal lines represent the genome-wide significant (p < 5e-8) and suggestive (p < 5e-7)

association thresholds and are held constant across the differing y-axes.
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Figure 2. Distribution of maximum drinksin 24 hour s by flushing status
Individuals who self-report flushing following consumption of alcohol and those who do not

comprise overlapping distributions of maximum drinks with significantly different means.

Percentage of total represents the proportion of individuals within the flushing status
(yes/no) who report a given maximum drinks value.

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2015 March 01.



yduasnuel Joyny vd-HIN

Quillen et al. Page 14

Table 1
Distribution of demographic and phenotype infor mation

All sampled individuals are included in the counts, including those subsequently excluded from analysis due
to sex or abstention from alcohol. Flush Rate and AD Rate are calculated based on of individuals who have
consumed alcohol at least once.

Male Female Total

Participants 352 243 595
Age (Meanzstd) 52.0+14.7 553151 53.3+14.9
Lifetime Abstain Number 25 57 82
Abstention Rate 7.1% 23.4% 13.7%
Flush Response Count 124 74 198
Flush Rate (%) 37.6% 39.7% 38.4%
AD Affecteds 117 5 122
AD Rate (%) 33.2% 2.1% 20.1 %

Max Drinks (Meantstd) ~ 17.3+15.3  7.3%5.7 15.3+14.5
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