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Abstract
Background—Alcohol abuse and dependence are major causes of morbidity and mortality
worldwide, and have a strong familial component. Several linkage and association studies have
identified chromosomal regions and/or genes that affect alcohol consumption, notably in genes
involved in the two-stage pathway of alcohol metabolism.

Methods—Here, we use multiple regression models to test for associations and interactions between
two alcohol related phenotypes and SNPs in 17 genes involved in alcohol metabolism in the U.S.
Caucasian subset of the Collaborative Genetic Study of Nicotine Dependence (COGEND)
participants.

Results—Several SNPs across six genes showed evidence for association with either maximum
number of drinks consumed in a 24-hour period or DSM-IV symptom count. The strongest evidence
for association was between rs1229984, a non-synonymous coding SNP in ADH1B, and DSM-IV
symptom count (P = 0.0003). This SNP was also associated with maximum drinks (P = 0.0004).
Each minor allele at this SNP predicts 45% fewer DSM-IV symptoms and 18% fewer max drinks.
Another SNP in a splice site in ALDH1A1 (rs8187974) showed evidence for association with both
phenotypes as well. Minor alleles at this SNP predict greater alcohol consumption. In addition,
pairwise interactions were observed between SNPs in several genes (P = 0.00002).

Conclusions—We replicated the large effect of rs1229984 on alcohol behavior, and although not
common (MAF = 4%), this polymorphism may be highly relevant from a public health perspective
in European Americans. Another SNP, rs8187974, may also affect alcohol behavior but requires
replication. Also, interactions between polymorphisms in genes involved in alcohol metabolism are
likely determinants of the parameters that ultimately affect alcohol consumption.
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Introduction
Alcoholism is a chronic, disabling disorder with estimated lifetime prevalence of 19% in men
and 8% in women in the U.S. (Grant, 1997). The combination of heavy drinking and smoking
represents the single greatest cause of preventable morbidity and mortality in Western societies
(Edwards, 2004). In addition to numerous social and environmental factors, variation in
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susceptibility to alcohol dependence is likely influenced by inter-individual differences in
pathways involved in alcohol metabolism and neurotransmission (reviewed in (Tyndale,
2003; Dick and Bierut, 2006)). The primary ethanol metabolism pathway is a two-stage process
—first, oxidation to acetaldehyde, catalyzed by alcohol dehydrogenases (ADHs), followed by
further oxidation to acetate, catalyzed by aldehyde dehydrogenases (ALDHs). The buildup of
acetaldehyde in the blood causes the flushing reaction common in several Asian populations
and generally results in lower alcohol consumption (Hurley et al., 2002).

There is substantial evidence for genetic linkage to alcoholism phenotypes at the location of
the main ADH gene cluster on chromosome 4 (Williams et al., 1999; Long et al., 1998; Prescott
et al., 2006; Corbett et al., 2005), including linkage to maximum number of drinks ever
consumed in a 24-hour period (max drinks) (Saccone et al., 2000), and alcohol consumption
without dependence (Reich et al., 1998). Max drinks has also been linked to chromosomes 15
and 18 (Kuo et al., 2006). There is also evidence for linkage to maximum daily alcohol
consumption on chromosome 9 at the location of ALDH1A1 (Bergen et al., 2003). In addition,
variants in five alcohol-metabolizing genes, ADH4, ADH7, ADH1B, ADH1C and ALDH2,
have been associated with alcohol-related phenotypes (Hurley et al., 2002; Li, 2000; Edenberg
et al., 2006; Kuo et al., 2008; Luo et al., 2006; Luo et al., 2007; Birley et al., 2008; Matsuo et
al., 2007; Ehlers et al., 2007).

In this analysis, we evaluated 190 single nucleotide polymorphisms (SNPs) in 17 ethanol
metabolism genes and two alcohol phenotypes in a sample of unrelated European American
nicotine dependent cases and nicotine exposed, non-nicotine dependent controls. This control
group was chosen to increase the likelihood of identifying SNPs associated with the progression
from smoking initiation to nicotine dependence.

The primary phenotype analyzed was max drinks, a phenotype related to alcohol metabolism
capacity. Although max drinks may reflect an acute event unrepresentative of chronic alcohol
consumption, studies have demonstrated max drinks to be an indicator of alcoholism that differs
significantly between alcohol dependent subjects with and without a physiological component
(Schuckit et al., 1998; Schuckit et al., 1995). In addition, adult twin studies have shown max
drinks to have heritability on the order of 50% [A. Heath, unpublished data], making it an
attractive phenotype for genetic analysis. We also tested the number of DSM-IV alcohol
dependence symptoms endorsed as a dimensional linear predictor, a model shown to best
describe the association between dependence criteria and validating variables (Hasin et al.,
2006).

Materials and Methods
Participants

Study participants were selected in the U.S. from a community-based sample participating in
the Collaborative Genetic Study of Nicotine Dependence (COGEND) from sites in St. Louis,
Detroit and Minneapolis. Participants who reported a lifetime smoking history of 100 or more
cigarettes were included. The age range for eligible participants was 25–44 years. An initial
telephone screen was used to determine nicotine dependence status based on the Fagerstrom
Test for Nicotine Dependence (FTND) (Heatherton et al., 1991). Nicotine dependent cases
were defined to have a current FTND scores ≥ 4, while non-nicotine dependent controls had a
lifetime FTND scores of zero despite smoking more than 100 cigarettes lifetime. This control
group was chosen in order to identify genetic determinants of nicotine dependence based on
the original goal of the study. For further study details, see (Bierut et al., 2007; Saccone et al.,
2007). The Institutional Review Boards at Washington University, University of Minnesota,
and Henry Ford Health Sciences Center approved the protocols for this study. Blood samples
collected for extraction of DNA were submitted along with electronic phenotypic and genetic
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data to the National Institute on Drug Abuse (NIDA) Center for Genetic Studies, which
manages the sharing of research data according to guidelines of the National Institutes of
Health.

Measures
Participants were assessed for nicotine and alcohol dependence. The alcohol related questions
were derived from the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA-
II). The SSAGA-II is a comprehensive, diagnostic interview which was developed for
Collaborative Study on Genetics of Alcoholism (COGA) (Bucholz et al., 1994; Hesselbrock
et al., 1999). Participants were assessed for alcohol dependence on DSM-IV classification
system and the maximum drinks that a person ingested in a 24 period was queried.

Genotyping
Candidate genes for addiction, including the ADH genes on chromosome 4 and the aldehyde
dehydrogenase genes ALDH1A1, ALDH1A3 and ALDH2, were selected by a panel of expert
members of the NIDA Genetics Consortium for their putative biological significance in
addiction (Saccone et al., 2007). The set of SNPs selected to cover candidate genes was derived
from Phase II of the HapMap Project. The number of SNPs genotyped was reduced using
linkage disequilibrium (LD) binning using the method described in (Carlson et al., 2004).
Briefly, SNPs were grouped into “LD bins” in which at least one tag SNP satisfied r2 ≥ 0.8
with every other SNP in the bin. The candidate gene SNP set included tag SNPs for any LD
bin that intersected the physical footprint of a candidate gene. Coverage of additional alcohol
metabolizing genes (ALDH1L1, ALDH1L2, ALDH1A2, ALDH3B1, ALDH5A1, ALDH6A1,
and ALDH18A1) was attained through the genome-wide component of the study (Bierut et
al., 2007). Since these genes were not initially targeted in the candidate gene component of the
study, SNP coverage is generally sparser. Because this study is evaluating alcohol-related
phenotypes, we have chosen to analyze all available ADH and ALDH genes. Initial SNP
genotyping was performed by Perlegen Sciences for the Genome Wide Association and
Candidate Gene Studies of Nicotine Dependence and details are available in (Bierut et al.,
2007 and Saccone et al., 2007). Additional genotyping was then performed at the Center for
Inherited Disease Research (CIDR) to improve coverage of the ADH and ALDH genes. Data
cleaning to insure high quality genetic data included a missing genotype rate < 2%. Out of 190
SNPs successfully typed, 15 were not analyzed; two SNPs were out of Hardy-Weinberg
equilibrium (P < 0.001), and thirteen had a minor allele frequency less than 1%, leaving 175
SNPs across the seven alcohol dehydrogenase(ADH) and ten aldehyde dehydrogenase
(ALDH) genes for association tests.

Statistical Analysis
We tested max drinks and DSM-IV symptom count phenotypes for genetic association. These
data were analyzed using linear regression models implemented in SAS v.9.1 and PLINK
(Purcell et al., 2007). In all models, genotypic effects were modeled additively as the number
of minor alleles increased. Due to its skewed distribution, max drinks were log transformed to
better approximate a normal distribution and analyzed in a linear regression model. The number
of DSM-IV alcohol dependence criteria endorsed was also analyzed using a linear regression
model. To better approximate a normal distribution, the maximum symptom count was set at
five, and 60 participants who endorsed six or seven symptoms had their counts truncated at
five. In all models, we adjusted for the effects of gender and nicotine dependence, and also for
age in the max drinks analysis. Covariates were included in the models if the associated P-
values were ≤ 0.05. Eight participants who reported never having consumed an alcoholic
beverage were excluded from analysis.
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The tests for each SNP by SNP interaction were also done performed using PLINK’s linear
regression option and were adjusted for the same covariates as the corresponding main effects
models. LD and correlation (r2) between SNPs was measured using Haploview v.3.2 (Barrett
et al., 2005).

Haplotype blocks were created if 95% of informative marker comparisons were in “strong
LD,” which is defined by the pairwise 95% confidence bounds by the algorithm described in
(Gabriel et al., 2002). Haplotypes were tested for association using adjusted haplotype
regression models in PLINK, which assigns a probabilistic set of haplotypes for each
individual. (Purcell et al., 2007). PLINK was also used to test for population stratification by
grouping the sample according to genome-wide average identity by state sharing at more than
32,000 markers spaced across the genome. Stratification is assumed to be present if multiple
groups are identified.

We corrected for multiple testing based on the number of independent association tests. To
calculate this number, we used the method described in (Li and Ji, 2005). This method adjusts
the number of independent tests based on the Eigenvalues of the N x N SNP correlation matrix.
We then used a Bonferroni correction based on the number of independent association tests,
also factoring in the correlation between the two phenotypes.

Results
A total of 1588 individuals had genotype and phenotype data. The sample was 62.5% female
and had a mean age of 36 years. Approximately 12% of the sample was classified as alcohol
dependent according to DSM-IV. Figure 1 shows the sample distribution of max drinks, and
figure 2 shows the distribution of DSM-IV symptom count. Due to ascertainment,
approximately half of the sample was nicotine dependent. Clustering the sample by average
genome wide IBD sharing yielded a single cluster, indicating no evidence for population
stratification.

Men reported 10.5 more max drinks than women and endorsed, on average, one half an extra
DSM-IV dependence criterion (βmale = 0.51). . Nicotine dependent participants had 3.2 more
max drinks than controls endorsed more DSM-IV criteria (βcase = 0.39) greater odds of
increased alcohol dependence severity. Older participants reported fewer max drinks. There is
substantial correlation between the phenotypes; the Spearman rank order correlation is 0.50
between max drinks and the number of DSM-IV symptoms endorsed (P < .0001).

In total, 175 SNPs in 17 genes on nine chromosomes were tested for association. Several SNPs
across six genes showed evidence for association (P < 0.05) with one or both of the phenotypes
analyzed. The strongest association was between rs1229984, a non-synonymous coding SNP
in ADH1B, and DSM-IV symptom count (P = 0.0003). This SNP was also associated with
max drinks (P = 0.0004). For both phenotypes, minor alleles were associated with less severe
drinking behavior. In addition, SNP rs8187974 in ALDH1A1 was also nominally associated
with both phenotypes. Finally, there was a haplotype of six contiguous and correlated SNPs
in ALDH1A2 that were all nominally associated with max drinks (P = 0.01). Table 1 shows
the complete single SNP association results for both phenotypes analyzed.

We also tested the nominally significant SNPs for dominant and recessive allelic effects. Minor
alleles at SNP rs1229984 showed evidence for dominant effects on both phenotypes, although
the dominant model did not increase the significance of the associations over additive allelic
coding. One SNP that was nominally associated with max drinks in the additive model,
rs284787 in ADH7 (P = 0.04), showed evidence for recessive allelic effects on max drinks
(P = 0.01) and DSM-IV symptom count (P = 0.0009).
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There is significant LD among SNPs within each gene, as well as significant LD across genes
in the ADH gene cluster on chromosome 4. Supplementary figures 1–6 show the r2 plots for
the SNPs analyzed by chromosome. There were 21 haplotype blocks present, 9 of which are
on chromosome 4. No individual haplotypes were associated with either trait at P ≤ 0.01. Two
haplotypes in block number three on chromosome 15 (see supplementary figure 1F) in the
ALDH1A3 gene, showed the greatest evidence for association to DSM-IV symptom count
(P = 0.02). In general, the haplotype association results were less convincing than the individual
SNP results within that gene (see table 1). The haplotype association results provide no
evidence for untyped, causal loci tagged by our typed markers.

Given the two-stage process of alcohol metabolism and the potential for differences in
metabolic rates in one stage to be masked or heightened by rate differences in the other, we
also tested for pairwise interactions between SNPs. The strongest interaction effect was
between two SNPs in ADH7 that jointly predict more DSM-IV dependence criteria endorsed
for each additional minor allele when at least one minor allele is present at each locus
(βinteraction = 0.7, P = 0.00002). Two SNPs in high LD in ADH1B show epistatic effects with
a SNP in ALDH6A1 as well (βinteraction = −0.4, P = 0.00004). Table 2 shows the epistatic
effects between SNP pairs with interaction term P-values < 0.001. Although we show results
for each SNP pair with interaction term P-values below this threshold, not all of these findings
are independent due to high correlation between the SNPs involved (see supplementary figure
1).

To obtain a more meaningful measure of the significance of our smallest P-values, we used
the method of (Li and Ji, 2005) to determine that there were 75 independent tests of association
after factoring in the correlations among SNPs. In addition, there was a 50% correlation
between the phenotypes tested. Thus, we adjust our significance threshold based on 113
independent tests (75 SNPs times 1.5 phenotypes), yielding an experiment-wide P-value cutoff
of 0.0004. Only two P-values, for the associations between rs1229984 and DSM-IV symptom
count (P = 0.0003), and the same SNP with max drinks (P = 0.0004), exceed this threshold.
The smallest P-values for SNP x SNP interactions are on the order of 2.0 × 10−5, which are
unimpressive P-values given the number of pairwise interaction tests performed.

Discussion
To date, this is the first analysis including genotype data on every gene known to play a major
role in alcohol metabolism in European Americans recruited from the community. We report
several SNPs suggesting association with one of two alcohol phenotypes, max drinks, a
measure of an individual’s capacity to metabolize alcohol, and a more clinically relevant
phenotypic measure of alcohol dependence, the number of DSM-IV symptoms endorsed.

The strongest evidence for association was between DSM-IV symptom count, max drinks (the
P-values differed by only 1.0 × 10−4), and a widely studied non-synonymous coding SNP in
ADH1B, rs1229984. This SNP results in a histidine to arginine substitution and has been shown
to affect the kinetic properties of the enzyme, with V(max) of ethanol oxidation differing by
100-fold between minor and major allele homozygotes (Matsuo et al., 1989), and has also been
shown to affect alcohol-related phenotypes in numerous populations (Shea et al., 2001; Carr
et al., 2002; Chai et al., 2005). Our results replicate the previous findings in a community-based
sample. The 4% minor allele frequency observed in this population lies within the range
observed in previous samples of European Americans (MAF = 0.00 – 0.12), although it is
higher than the MAF observed in similar sized alcohol association studies (Edenberg et al.,
2006; Kuo et al., 2008; Goedde et al., 1992; Hashibe et al., 2008).
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The second SNP of interest due to its association with both phenotypes tested, rs8187974, is
located in an intron at a splice site in ALDH1A1. ALDH1A1 is the primary cytosolic aldehyde
dehydrogenase, as compared to the mitochondrial form ALDH2. Although common
polymorphisms in ALDH1A1 with large effects on alcohol behavior have been described in
several non-European populations, these polymorphisms are not present in Caucasians. There
are alcohol flushing Caucasians, however, who have much lower ALDH1 enzymatic activity
(Yoshida et al., 1989). It is unlikely that rs8187974 is responsible for this observation, however,
since minor allele carriers show increased max drinks and more severe alcohol dependence. If
this SNP has a real biological effect it is likely to increase the rate of ALDH1 activity or
expression. The SNP’s location raises the possibility that it results in an alternately spliced
form of the enzyme in the 1% of the population carrying the minor allele, or that it results in
a more efficiently translated mRNA.

In addition to replicating the association between rs1229984 and alcohol behavior, two other
SNP associations we observed have been reported in previous papers. A SNP in ADH7 on
chromosome 4, rs284779, was associated with DSM-IV dependence in a paper by Edenberg
et al. (Edenberg et al., 2006). We found this SNP predicted a 4% increase in max drinks (P =
0.05), but was not associated with DSM-IV symptom count.

The interactions involving one SNP in an ADH and one in an ALDH gene are of biological
interest since it is the combination of the relative rates at which these enzymes act which
determines the amount of acetaldehyde present in an individual’s system for a given alcohol
intake level. Because a genetically determined difference in the rate of one stage in the pathway
could theoretically be masked by a variation at the other stage, modeling an interaction term
may be the only way to uncover genetic effects. Although variants in genes acting in the same
stage of alcohol metabolism may be expected to have a simple additive effect, the potential
still exists for the effect of one variant to mask the effect of another. Alternatively, multiple
variants may interact to put an individual’s ethanol metabolizing capacity above or below a
certain threshold to make the effects detectable.

Previous evidence also supports a role for epistasis in determining alcohol behavior. A study
of Taiwanese Han showed evidence for epistasis between class 1 ADH haplotypes and ADH7
genotypes in predicting alcohol dependence (Osier et al., 2004). Although we found no
evidence for interaction between class 1 ADH SNPs and ADH7, there was evidence for
interaction between ADH7 and ALDH1A1 SNPs.

Finally, one SNP showing an epistatic effect has known functionality. The smallest interaction
P-value involved SNPs rs17588403 and rs1573496, a non-synonymous coding SNP in ADH7
with main effects predicting decreases in max drinks and number of DSM-IV symptoms,
although these effects are not statistically significant. This SNP also shows evidence for
interaction with two other SNPs in ADH7. One of these, rs284784, predicts a nominally
significant decrease in max drinks (P = 0.04), raising the possibility that both minor alleles are
required to significantly change ADH7 activity.

Strengths and Limitations
The genotyping in this study provides coverage of all the major genes known to be involved
in the metabolism of alcohol in a large sample of European Americans. We have relatively
complete, comprehensive phenotypic information covering a wide range of alcohol use, abuse,
and dependence parameters available to test for genetic association. Also, several of the SNP
associations we report replicate previous findings, and/or have potential, or in the case of
rs1229984, proven functionality. The association between rs1229984 and both DSM-IV
symptom count and max drinks satisfies multiple test corrected significance thresholds based
on a Bonferroni adjustment based on the 113 independent tests. Finally, this study extends the
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findings to a community-based population as opposed to a sample recruited from treatment
centers.

Although several potential confounding factors have been identified and controlled for, others
may certainly exist. For example, body mass index data was not collected and may affect in
individuals’ lifetime maximum drink consumption. Aside from rs1229984, the P-values for
the single marker and interaction tests presented in this paper are modest.

Finally, this sample was ascertained to detect genetic factors contributing to nicotine (rather
than alcohol) dependence. Given the co-occurrence of drinking and smoking, we may hesitate
to generalize these findings due to the potential for alcohol use in this sample greater than that
in the whole population. The prevalence of alcohol dependence in this sample is similar to the
general population prevalence, however, which along with the fact that we adjusted for nicotine
dependence, increases our confidence that our results are unbiased by ascertainment.

Conclusion
We present results of a candidate gene association study between SNPs in 17 alcohol
metabolizing genes and two alcohol phenotypes. In this sample of European Americans, SNPs
in eight genes suggest association with one or both of the outcomes. Although the effect of the
genetic factors presented here on the overall problem of alcohol abuse and dependence is
modest, it is likely that these or proximal polymorphisms contribute to the inter-individual
variation in alcohol metabolizing capacity and subsequent risk for alcohol dependence.
Combinations of polymorphisms in genes involved in both stages of alcohol metabolism may
also interact to affect alcohol behavior.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of maximum lifetime 24-hour drink consumption
Overall mean (SD) = 16.0 (13.7)
Mean (SD) = 22.9 (16.8) in men
Mean (SD) = 11.9 (9.3) in women
The eight participants who reported never having consumed an alcoholic beverage were
excluded from analysis.
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Figure 2.
Distribution of DSM-IV alcohol dependence symptom count
Overall mean (SD) = 1.5 (1.6)
Mean (SD) = 1.9 (1.7) in men
Mean (SD) = 1.5 (1.6) in women
Four or more symptoms indicatedependence.
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