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INTRODUCTION

Alcohol dependence is a complex trait that underlies a range of physiological and behavioral
symptoms manifested as tolerance, loss of control, withdrawal, and desire or inability to cut
down. Considerable evidence from twin genetic studies!-1! indicates that the trait is
heritable with estimates ranging from 40-60% of the risk of alcohol dependence due to
genetic factors. A measure of alcohol dependence is alcohol consumption.2-18 Alcohol
drinking, as alcohol dependence, has a complex, non-Mendelian pattern of inheritance,
indicating involvement of multiple genetic variants.®

Because alcohol use can influence numerous health outcomes, population studies with broad
aims typically collect alcohol consumption data, and this data has the potential be
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investigated in genetic association studies. Grant et al. (2009)20 and Kendler et al. (2010)2
found that it is feasible to closely index the genetic risk for alcohol dependence by collecting
relatively simple quantitative data on the alcohol consumption. Fitting a model that included
5 measures of alcohol consumption (lifetime events of heaviest alcohol use including
maximum drinks consumed in 24 hours, lifetime maximal tolerance, typical number of
drinks per occasion (lifetime), frequency consumed alcohol (heaviest period) and frequency
of drinking to intoxication (heaviest period)), Grant and colleagues found a high genetic
correlation with Alcohol Dependence symptom scores (>+0.97).20 Evaluating the extent to
which each individual measure reflected the genetic risk factor by gender, Kendler et al
(2010)?! found that in men maximum drinks consumed in a 24-hour period had the highest
loading, followed closely by frequency of drinking to intoxication, while in women
frequency of drinking to intoxication loaded most strongly.

These studies show that in theory a lifetime event of heavy alcohol use indexes the genetic
risk for alcohol dependence, however no study thus far reflects this concept in practice.
Therefore, we used an alcohol consumption phenotype of lifetime history of intake of 5 or
more drinks per day almost every day of the week that was collected in cardiovascular
cohort studies from the Candidate gene Association Resource (CARe) project. We
conducted a genetic association analysis with variants on a genotyping platform that densely
covers ~2100 genes. This approach has the advantage of utilizing dense genotyping
coverage of a large number of genes without pre-specifying biological hypotheses about the
effect of individual genes and genetic variants.

METHODS

Subjects

Phenotype

We analyzed alcohol consumption from the National Heart, Lung, and Blood Institute
(NHLBI)-sponsored CARe project.22 The CARe Project was launched in 2007 to create a
resource for association studies of various phenotypes. The CARe project consists of 9
NHLBI cohorts. It is approved by the ethics committees of the participating studies and of
the Massachusetts Institute of Technology.

Our phenotype of interest was available in three Caucasian cohorts from the CARe project:
Atherosclerosis Risk in Communities (ARIC, 1989), Framingham Heart Study (FHS)%3-25
and Cardiovascular Health Study (CHS).28 Our sample of subjects in ARIC included 2,138
(632 cases and 1,506 controls) unrelated individuals with a mean 59.8 (SD 5.6) years of age
of which 40% were female. The CHS cohort also included unrelated individuals (N=859;
358 cases and 501 controls) with a mean age of 72.2 (SD=+/- 5.2) of which 36.3% were
female. Subjects in FHS (Offspring cohort) included 772 related individuals (265 cases and
507 controls) of which 49% were female with the mean 65.1 (+/- 8.9 SD) years of age for
the total sample of analyzed individuals.

This analysis was a case-control comparison between light and heavy drinkers. We defined
cases as individuals with a lifetime history of drinking five or more drinks per day almost
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every day of the week. We defined controls as current light drinkers of 1-5 drinks per week
to ensure comparison with other drinkers. Among light drinkers, we excluded individuals
who may be binge drinkers (four or more drinks per occasion for women and five or more
drinks per occasion for men).2”

Genotyping Assay

The content of the genotyping array, ITMAT-Broad-CARe or “IBC chip”, is informed by
GWAS, expression quantitative trait loci, pathway-based approaches and comprehensive
literature searching. It includes loci relevant to alcoholism, such as GABA and alcohol
metabolism genes. As an example, it contains densely spaced SNPs from 84 of the 130
genes from the “addiction array”28 and additional genes that are not on the addiction array,
but were found to be associated with alcoholism in later genetic association studies.

The loci on the IBC chip are divided into three groups: Group 1: (n = 435 loci) - genes and
regions with a high likelihood of functional significance (Tag SNPs selected to capture
known variation with minor allele frequency (MAF) > 0.02 and an r2 of at least 0.8 in
HapMap populations); Group 2: (n=1,349 loci) - candidate loci that are potentially involved
in phenotypes of interest or established loci that required very large numbers of tagging
SNPs (Tag SNPs selected to capture known variation with MAF > 0.05 with an r2 of at least
0.5 in HapMap populations); Group 3: (n=232 loci) - composed mainly of the larger genes
(100 kb) which were of lower interest a priori to the investigators (includes only non-
synonomous SNPs and known functional variants). The average number of SNPs across the
Group 1 and Group 2 loci of IBC was compared with GWAS products. The average
coverage for Group 1 loci is ~36.5 SNPs per locus on the IBC chip. The Illumina Human1M
and Affymetrix 6.0 platform, for comparison, have an average of ~28.0 and ~17.4 SNPs
respectively across the equivalent IBC loci. The average number of SNPs observed for the
Group 2 loci is ~16.3 SNPs, which is comparable with the current GWAS products.

Additional details regarding the design of the IBC chip have been described in Keating et al
(2008).29 In toto, 49,320 SNPs were chosen to map ~2,100 candidate gene loci. For detailed
genotyping and QC information, see Musunuru et al (2010).22

Statistical Analysis

For cohorts including unrelated individuals (ARIC, CHS), we used logistic regression to test
SNP-phenotype associations. Association analysis was performed in PLINK3C under an
additive genetic model. Association results were combined across the two cohorts using an
inverse variance meta-analysis approach as implemented in METAL.3! For the FHS cohort
for which there were significant numbers of related individuals, we used GWAF (Genome-
Wide Association analyses with Family),32 which implements generalized estimating
equations in the gee package (http://cran.r-project.org/web/packages/gee/) to test association
between the light vs heavy phenotype and each SNP under the additive genetic model. To
address population stratification, we conducted principal component analysis as
implemented in EIGENSTRAT.33 The first ten principal components were included as
covariates in the genetic association analysis. In addition, age and gender were included as
covariates in the association analysis. All results were adjusted for residual inflation using
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the genomic control method. Bonferroni adjustment for multiple comparisons was set at an
alpha level of 2.3x10-06. Replication p-significance value was set at p< 0.05.

Imputation of ungenotyped variants was done using a combined CEU+YRI reference panel
including SNPs segregating in both CEU and YRI, as well as SNPs segregating in one panel
and monomorphic and nonmissing in the other, resulting in ~270,000 total SNPs. The use of
the CEU+YRI panel resulted in an allelic concordance rate of ~95.6%, calculated as 1 — 1/2*
limputed_dosage — chip_dosage|. This rate is comparable to rates calculated for individuals
of African descent imputed with the HapMap 2 YRI individuals.3* In the first step of
imputation, individuals with pedigree relatedness or cryptic relatedness (pi_hat > 0.05) were
filtered out. Recombination and error rate estimates for the entire sample were calculated
based on a subset of random individuals. Next, these rates were used to impute all sample
individuals across the entire reference panel. SNPs with low imputation scores (r2<0.3) and
minor allele frequency of <0.01 were filtered out.

The locus that was the most strongly associated with the lifetime heavy drinking phenotype
in ARIC and CHS is presented in Figure 1. Each additional copy of the major rs6933598*C
allele (Frequency: HapMap CEU = 0.715) was associated with a decrease in risk of heavy
drinking (Results of Combined Meta-analysis: OR=0.75 (C1=0.66-0.86) p=7.46x1079°,
Results for Individual Studies: ARIC OR=0.76 (CI=0.64-0.91) p=0.00155. CHS OR=0.75
(C1=0.59-0.95) p=0.017). This locus replicated in FHS OR=0.75 (CI=0.57-0.98) p=0.042.

In FHS, the strongest associations of similar significance were located on separate
chromosomes. The first SNP, rs12249562, is located on Chromosome 10 in CUBN, where
each additional copy of minor rs12249562*A allele (HapMap CEU = 0.195) resulted in a
decrease of risk for lifetime heavy drinking OR=0.52 (C1=0.38-0.71) p=3.03x107%. This
association was closely followed by an association in on chromosome 3 near CCK where
each additional copy of the minor rs9839267*G allele (HapMap CEU = 0.085) resulted in an
increase of risk OR=2.39 (CI=1.58-3.60) p=3.05x10705. This SNP replicated in CHS ata p
value <0.05 OR=1.57 (CI=1.08-2.27) p=0.019 (See Figure 2 for a graphic representation of
this locus on our discovery cohort (FHS) and the replication cohort (CHS)). The p value for
rs9839267 in ARIC was not <0.05.

DISCUSSION

We examined a lifetime heavy alcohol drinking incidence phenotype for association with
genetic variants from a large number of candidate genes in three cohorts from the CARe
project. We were able to identify variants in CCK and MTHFD1L that modulate risk for
heavy alcohol drinking. These results demonstrate the feasibility in evaluating lifetime
incidence of heavy alcohol drinking from population-based studies for the purpose of
conducting genetic association analyses.

Cholecystokinin was originally found in the gut where it is involved in the secretion of
pancreatic enzymes, gall bladder and gut motility. However, it is distributed even more
widely in the brain where it is one of the most abundant neuropeptides.3°:36 Co-localization

J Clin Psychopharmacol. Author manuscript; available in PMC 2015 February 25.



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

1duosnuely Joyny vd-HIN

Hamidovic et al.

Page 5

of CCK on cell bodies and terminals of classical neurotrasmitters implicated in alcohol
abuse potential including gammaaminobutyric acid,37-38 serotinin3® and opiates*° makes the
neuropeptide a biologically plausible candidate. However, the role of CCK in regulation of
dopamine turnover in the mesoaccumbal projection — a region highly implicated in the
primary effects of drugs of abuse and in the process of sensitization - has received the most
attention in the relationship of CCK and addiction (see Rotzinger et al., 200341). Indeed,
dopaminergic transmission was thought to be implicated in the behavioral finding that
antagonism of CCK significantly reduced the intake of ethanol in naive adult male Wistar
rats.42

Very early candidate gene association studies provided initial results regarding the role of
CCK in alcoholism. Two previous studies showed that the promoter SNP rs1799923
modulates clinically-diagnosed alcohol dependence in the Japanese population,#344 but an
attempt to show the same in the Caucasian population was not successful.*® This particular
SNP was genotyped in CARe and was in fact associated with our phenotype of interest (P=
3.08x10-5 (FHS); p=0.0196 (CHS)) (See Figure 1 — showing 8 SNPs (in red) in high LD, 7
of which were imputed based on the genotyped SNP rs1799923). More recent association
studies, evaluating extensive regions of the genome, did not identify gene variant(s) to be
implicated in risk for alcoholism.

Our result in the CCK locus allows the following conclusions to be made. First, it
demonstrates the significance of CCK beyond the previously-examined single locus analysis
when the genome is evaluated more extensively. In addition, it opposes the earlier negative
finding in Caucasians and shows the importance of the locus in a population ethnically
different from the previously-identified Japanese group.

Folate metabolism is complex and the mechanism(s) by which alcohol inhibits it have not
been definitively established. Homocysteine is converted to methionine via tetrahydrofolate
(THF). MTHFDA1L is involved in tetrahydrofolate (THF) synthesis by catalyzing the
reversible synthesis of 10-formyl-THF to formate and THF. Elevated homocysteine levels
were first reported by Hultberg et al (1993)#6 in patients hospitalized for detoxification after
severe alcohol abuse. This finding has since been independently replicated.4”48 Plasma
homocysteine levels predict alcohol withdrawal.#” The association between alcohol intake
and raised plasma homocysteine levels, in fact, has also been observed in moderate alcohol
consumers, with plasma homocysteine levels increasing over a 6-week drinking period.4°

The MTHFDL1 gene resides on 6g25.1 and spans ~235 kBs. As shown in Figure 1, the
associated locus is in very low LD with the remaining variants in the region, permitting
localization of the region of functional significance. There are no published reports of
rs6933598 in genetic association analyses. However, a proxy of rs6933598, rs6922269
(r2=0.924 between the two variants in CEU) was associated with coronary heart disease in
The Wellcome Trust Case Control Consortium®® and German MI Family Study.5! The same
narrow region of a cluster of SNPs in high LD was also recently associated with late-onset
Alzheimer’s disease.>2
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Because alcohol consumption is implicated in a variety of chronic conditions, population
studies most commonly collect data to derive the number of grams of alcohol a person
consumes per week (or per day). However, this phenotype, usually collected as part of a
dietary survey, is a cross-sectional snapshot of alcohol consumption and the data tend to
have an extreme violation of normality in distribution. The same problems are encountered
with the “Max Drinks” phenotype sometimes collected in population studies (the maximum
number of drinks in a 24- hour period in the last 30 days). Our results show that data that
summarize lifetime heaviest use of alcohol in cases may be used successfully in future
population studies attempting to identify variants implicated in alcoholism risk.

This is a retrospective analysis based on self report which we could not objectively verify.
As comorbidities are not generally not included in published genetic association studies of
alcoholism, they were not incorporated here either. We are guided to believe that our
approach is valid because we have shown that the same locus in CCK, previously associated
with clinically-diagnosed alcohol dependence in a single locus analysis of the Japanese
population, also mediates heavy alcohol consumption in the ethnically- different Caucasian
population. Here, though, we have demonstrated the importance of this gene when the
genome is evaluated more extensively, thereby aligning results of previous pharmacological
studies that stressed the importance of CCK in alcohol consumption.

Our primary goal in this analysis was to show that in genetic association studies simple
measurements of lifetime heaviest use of alcohol may serve in place of more laborious
assessment of alcohol dependence, especially in ongoing cohort studies in which diagnostic
batteries are, at best, impractical. Provided that cases and controls are defined carefully, this
approach is convenient because it allows for collection of sample sizes that may be difficult
to obtain with clinical assessment of alcohol dependence. Future studies should evaluate the
how the variants discussed here modify expression/structure in order to provide information
regarding their influence on the final phenotype.
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Figure 1.

Association between the MTHFD1L locus and lifetime incidence of heavy alcohol drinking
in the CARe project cohorts. Left panel: Our discovery sample included unrelated
individuals from ARIC and CHS. Right panel: Our top SNP rs6933598 (purple diamond)
from meta-analysis of ARIC and CHS was also associated with the phenotpe in the
Framingham Heart Study (FHS; P = 0.042).
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Figure2.
Association between the CCK locus and lifetime incidence of heavy alcohol consumption in

the CARe project cohorts. Left panel: Our discovery sample included related individuals
from FHS. Right panel: Our top SNP rs9839267 (purple diamond) in FHS was also
associated with the phenotype in CHS (P = 0.019).
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