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Background: There is an extensive and inconsistent literature on the association of the dop-
amine D2 receptor gene (DRD?2) with alcohol dependence. Conflicting results have been attributed
to differences in the severity of the alcohol dependence phenotype across studies, failure to
exclude related disorders from comparison groups, and artifacts of population-stratification.
Recently the genetic polymorphism most widely analyzed in DRD2, TaqlA, has been discovered
to reside in a neighboring gene, ankyrin repeat and kinase domain containing 1 (ANKKI), located
10 kb downstream from DRD2.

Methods: To more carefully characterize evidence for association across this region, we geno-
typed 26 single nucleotide polymorphisms (SNPs) spanning DRD2 and ANKKI in a sample of
219 Caucasian families (n = 1,923) from the Collaborative Study on the Genetics of Alcoholism
(COGA), making this the most extensive analysis to date of association between this region and
alcohol dependence. We used family-based analyses robust to population-stratification, and we
made use of rich phenotypic data to analyze alcohol dependence and subtypes hypothesized in
the literature to be more directly influenced by DRD2.

Results: We found that the evidence for association is strongest in the 5" linkage disequilibrium
block of ANKKI (that does not contain TaqlA), with weak evidence of association with a small
number of SNPs in DRD2. The association in ANKK] is strongest among the subsets of alcohol-
ics with medical complications and with antisocial personality disorder.

Conclusions: More extensive genotyping across DRD2 and ANKKI suggests that the associ-
ation with alcohol dependence observed in this region may be due to genetic variants in the
ANKK]I gene. ANKK]I is involved in signal transduction pathways and is a plausible biological
candidate for involvement in addictive disorders.
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HERE IS AN EXTENSIVE and controversial litera-

ture examining possible association between the dopa-
mine D2 receptor gene (DRDZ2) and alcohol dependence.
DRD?2 is considered a good candidate gene for alcohol
dependence risk, because it is thought that the rewarding
effects of alcohol are mediated through the mesolimbic dop-
amine system (Wise and Rompre, 1989). An association
between DRD2 and alcoholism was originally reported by
Blum et al. (1990) when an increased frequency of the
TaqlAl restriction fragment length polymorphism was
observed in postmortem brain tissue from severe alcoholics as
compared to nonalcoholic controls (Blum et al., 1991). The
association between alcoholism and polymorphisms in DRD2
has been replicated by several groups (Amadeo et al., 1993;
Blum et al., 1991; Comings et al., 1991; Foley et al., 2004;
Hietala et al., 1997; Higuchi et al., 1994; Ishiguro et al., 1998;
Konishi et al., 2004; Kono et al., 1997; Neiswanger et al.,
1995; Noble, 2003; Noble et al., 1994; Parsian et al., 1991),
but many other studies have failed to replicate an association
between DRD?2 and alcohol dependence (Arinami et al., 1993;
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Bolos et al., 1990; Chen et al., 1996, 1997, 2001; Cook et al.,
1992; Cruz et al., 1995; Edenberg et al., 1998; Gelernter and
Kranzler, 1999; Gelernter et al., 1991; Goldman et al., 1992,
1997; Lee et al., 1999; Lobos and Todd, 1998; Lu et al., 1996;
Parsian et al., 2000; Sander et al., 1995, 1999; Schwab et al.,
1991; Suarez et al., 1994; Turner et al., 1992; Waldman et al.,
1999). Thus, the purported association remains controversial.

Three explanations have been put forth to account for the
inconsistency in the literature: differences in severity of alco-
hol dependence across studies, failure to exclude related con-
ditions from control groups, and population-stratification. It
has been suggested that the association between DRD2 and
alcohol dependence is limited primarily to “severe” alcoholics
(Blum et al., 1991; Lawford et al., 1997; Noble et al., 2000);
however, it has been difficult to empirically evaluate this
hypothesis, as severity has been determined using different cri-
teria across different studies. Some of the severity subtypes
that have been most widely examined are comorbid antisocial
personality disorder (ASPD) (Bolos et al., 1990; Gelernter
et al., 1991; Hill et al., 1999; Matsushita et al., 2001; Ponce
et al., 2003), presence of withdrawal symptoms (Chen et al.,
1997; Finckh et al., 1997; Gelernter et al., 1991; Ishiguro
et al., 1998; Matsushita et al., 2001; Turner et al., 1992), and
resulting medical complications (Blum et al., 1990, 1991;
Chen et al., 1997; Gorwood et al., 2000; Lawford et al., 1997;
Noble, 2000a; Parsian et al., 2000; Turner et al., 1992); how-
ever, results have been inconsistent across studies. The pheno-
type of resulting medical complications has received the most
consistent support (Blum et al., 1990, 1991; Lawford et al.,
1997; Noble, 2000b), yet interpretation of this measure of
alcoholism severity is problematic because medical complica-
tions could have a separate genetic basis depending on the
organ system involved and/or reflect the duration of alcohol-
ism rather than its severity (Gelernter et al., 1993).

Another problem with interpretation of the literature is the
suggestion that DRD2 may contribute more broadly to a
“reward deficiency syndrome,” a collection of addictive,
impulsive, or compulsive behaviors, including alcoholism,
polysubstance abuse, smoking, obesity, attention-deficit dis-
order, and gambling (Blum et al., 1996; Noble, 2003). The
hypothesis is that individuals with genetic variants causing
impairments in the dopamine reward pathway may abuse
multiple substances and engage in diverse experiences that are
emotionally heightening in order to enhance stimulation of an
impaired pathway (Comings and Blum, 2000). Therefore, it
has been suggested that the failure to exclude related pheno-
types from control groups in tests for association with alcohol
dependence could have contributed to negative reports
(Noble et al., 2000).

The other major explanation put forth to account for
inconsistent results is population-stratification, referring to
the possibility that cases and controls may differ on variables
other than disease status (e.g., ethnicity), and accordingly, dif-
ferences in allele frequencies between the groups may be
attributable to these third variables, rather than to a true
association between genotype and disease status. This is
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particularly problematic in relation to DRD2, as the
frequency of the TaqlAl allele differs substantially across
populations (Goldman et al., 1993; Kidd et al., 1998) and
much of the literature on DRD? is based on case-control stud-
ies. Family studies avoid this potential confound, and there-
fore are noteworthy: none of the 5 published family-based
studies found association between the DRD?2 locus and alco-
holism (Blomgvist et al., 2000; Bolos et al., 1990; Edenberg
et al., 1998; Neiswanger et al., 1995; Parsian et al., 1991);
however, some family studies have found evidence of linkage
(Hill et al., 1999), which may suggest the involvement of a
nearby variant in the region. A related problem is that differ-
ences in the extent of linkage disequilibrium (LD) between the
TaqlA allele and other polymorphisms in DRD2 have been
documented across populations (Goldman et al., 1993; Kidd
et al., 1998). In the likely event that the TaqlA polymorphism
is not the functional variant itself, but is in LD with the func-
tional variant, differing LD structures between TaqlA and
other genetic polymorphisms in the region would influence
the ability to detect association across studies as well.
Interpreting the literature on DRDZ2 and alcohol depend-
ence (and related phenotypes) is further complicated by the
recent discovery that the TaqlA polymorphism that has been
most extensively studied is actually located 10 kb downstream
from the DRD2 gene in a neighboring gene, ankyrin repeat
and kinase domain containing 1 (ANKKI) (Neville et al.,
2004). ANKKI contains a single serine/threonine protein kin-
ase domain, and is a member of a family of proteins involved
in signal transduction. The TaqlA SNP is located within an
exon of ANKKI, causing a nonsynonymous coding change
(Glu713Lys) that may affect the substrate binding specificity
of the gene product. It has been hypothesized that the
ANKK]I gene may be involved in the dopaminergic reward
pathway through signal transduction (Neville et al., 2004).
The present study attempts to more carefully characterize
the involvement of the DRD2 and ANKKI genes using data
collected as part of the Collaborative Study on the Genetics
of Alcoholism (COGA). This report is a substantial extension
of a previous analysis of the TaqlA polymorphism in a subset
of the COGA sample in which we reported no association
between this polymorphism and alcohol dependence (Eden-
berg et al., 1998). We aimed to clarify and extend the current
literature by: (1) genotyping multiple SNPs across the region
containing both the DRD2 and ANKK]I genes; (2) conducting
family-based association analyses using our extended COGA
pedigrees to avoid problems associated with case-control
studies; and (3) using the wealth of phenotypic data collected
as part of the COGA project (a) to test for association with
phenotypes related to alcohol dependence severity that have
been examined in the literature and (b) to screen out related
disorders from comparison groups (for discordant sibling
comparisons). Specifically, this study examined DSM-1V alco-
hol dependence as a phenotype, and then tested for associ-
ation with more severe subgroups of alcohol-dependent
individuals that have been studied in the literature: alcohol
dependence with comorbid ASPD, alcohol dependence with
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medical complications, alcohol dependence with high symp-
tom count, and alcohol dependence with withdrawal.

METHODS

Sample

The Collaborative Study on the Genetics of Alcoholism (COGA)
is a multi-site project, in which families were collected by 6 centers
across the United States: Indiana University, State University of
New York Health Science Center, University of Connecticut, Univer-
sity of Iowa, University of California/San Diego, and Washington
University, St Louis. Probands identified through inpatient or outpa-
tient alcohol treatment programs by each of these 6 sites were invited
to participate if they had a sufficiently large family (usually sibships
>3 with parents available) with 2 or more members in a COGA
catchment area (Reich, 1996). The institutional review boards of all
participating centers approved the study. Additional details about
the study have been published previously (Begleiter et al., 1995;
Reich, 1996).

Because patterns of LD and allele frequencies often differ between
races, we analyzed the subset of 219 Caucasian families (n = 1,923).
However, we note that the results were largely unchanged in the full
sample (n = 262 families, 2,282 individuals; available upon request
from the authors).

Phenotypes

All individuals were administered the Semi-Structured Assessment
for the Genetics of Alcoholism (SSAGA) interview (Bucholz et al.,
1994; Hesselbrock et al., 1999). For this study, lifetime DSM-IV diag-
noses of alcohol dependence were analyzed (American Psychiatric
Association, 1994). In the Caucasian sample, 768 individuals (32%)
met criteria for DSM-IV alcohol dependence. Males were over-repre-
sented among the alcohol-dependent individuals, consistent with epi-
demiological data, comprising 66% of the affected individuals. This
gender difference was further exaggerated in the more severe alcohol
dependence subgroups. Withdrawal was evaluated in the SSAGA
according to DSM-IV criteria by the endorsement of 2 or more of
the following somatic symptoms after stopping or reducing drinking:
shakes (hands trembling), inability to sleep, anxiety or depression,
sweating or racing heart beat, nausea/vomiting, hallucinations, or
grand mal seizures (Bucholz et al., 1994). The question specified that
these symptoms should be “more intense than the usual hangover,”
resulting after “cut(ting) down, stop(ping) or go(ing) without drink-
ing after drinking steadily for some time.” In addition, the endorse-
ment of “DTs” was included. Of the 768 alcohol-dependent
individuals, 376 (49%; 72% male) met criteria for withdrawal. Previ-
ous studies have illustrated that alcohol dependence with withdrawal
is associated with a greater number of alcohol, drug, and depressive
problems (Schuckit et al., 2003). Medical complications were assessed
by an item in the SSAGA that asked if they had ever experienced
any of the following health problems as a result of prolonged use of
alcohol: liver disease or yellow jaundice, stomach disease or vomiting
blood, pancreatitis, or cardiomyopathy. Individuals with a positive
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endorsement of any of these items were coded as having experienced
medical complications; 130 (17%; 82% male) of the alcohol-depend-
ent individuals in the sample reported at least 1 medical complica-
tion. Medical complications were significantly correlated with
severity of the dependence phenotype: just over 80% of individuals
who reported medical complications met criteria for 6 or 7 of the
DSM-1V alcohol dependence criteria, compared to only 17% of the
sample who did not report any medical complications. To attempt to
tease apart medical complications from alcohol dependence severity,
we also analyzed the subgroup of alcohol-dependent individuals who
reported 6 or 7 symptoms (n = 363; 74% male), in an effort to clar-
ify this unresolved issue, since the converse was not true (i.e., only
29% of individuals with a high symptom count also reported medical
complications). Finally, ASPD was diagnosed in the SSAGA using
DSM-IIIR criteria (as DSM-IV was under development at the time
that interviewing began). Of the alcohol-dependent individuals, 163
(21%; 86% male) also met criteria for ASPD. Previous studies have
demonstrated that alcohol dependence with ASPD may be a partic-
ularly severe form of the disorder (Hesselbrock and Hesselbrock,
1994). Table 1 shows the complete distribution of overlap across the
alcohol-dependent severity subgroups. The greatest overlap was
between the groups of alcohol-dependent individuals meeting criteria
for withdrawal, and alcohol-dependent individuals with high symp-
tom (6 or 7) counts.

SNP Analyses

Publicly available databases, dbSNP (http://www.ncbi.nlm.nih.-
gov/SNP/) and HapMap (http://www.hapmap.org) were used to
identify SNPs within and flanking the DRD2/ANKK]I genes. Geno-
typing was done with a modified single nucleotide extension reaction,
with allele detection by mass spectroscopy (Sequenom MassArray
system; Sequenom, San Diego, CA). All genotypic data were checked
for Mendelian inheritance of marker alleles with the USERMI13
(Boehnke, 1991) option of the MENDEL linkage computer pro-
grams, which was then used to estimate marker allele frequencies.
Chi-square tests were used to ensure that all SNPs were in Hardy—
Weinberg equilibrium.

We genotyped 29 SNPs across the region. Three SNPs had very
low heterozygosities (< 0.05) and were dropped, leaving a total of 26
SNPs for analyses: 16 SNPs across DRD2 and 10 SNPs across
ANKK]I. Figure 1 shows the location of genotyped SNPs across the
region. LD across the region was computed from haplotype frequen-
cies generated by the Transmit software (Clayton, 1999) for all pairs
of SNPs. This program uses family data and assumes no recombina-
tion to limit the haplotypes to those consistent with Mendelian inher-
itance. It then uses the expectation maximization (EM) algorithm
over the consistent haplotypes to determine the haplotype frequen-
cies.

Statistical Analyses

Multiplex families of alcoholics were used in tests of association
between each of the SNPs and each of the phenotypes studied,

Table 1. Overlap Between Subgroups of Alcohol-Dependent Individuals With Severity-Related Conditions

Medical complications
(n=130)

ASPD
(n=163)

Withdrawal
(n = 376)

High symptom
count (n = 363)

Medical complications
ASPD

Withdrawal

High symptom count

50 (38.5%)
111 (85.4%)
106 (81.5%)

50 (30.7%) 111 (29.5%)

115 (30.6%)

106 (29.2%)
- 118 (32.5%)
115 (70.6%) 297 (81.8%)

118 (72.4%) 297 (79.0%)

Number of individuals, with column percentages in parentheses, provided in each cell.

ASPD, Antisocial personality disorder.



1648

DICK ET AL.

rs1800497
rs7104979
rs2734849 rs1801028
rs4938016 rs6275
rsl11604671 rsh279
rs7118900
rs17115439
¢ 0 I/ 0 § [ | + ﬁ
l 9.4kb | |
rs6 589377
4938015 54938015 rs2075654 a5 rs4245150
_ rs4938012 12471857 14938019 112361003
rsR77138 rsd648318 31799978 rs2514218
£52282511 rs4581480 rs1 2364283 rs2511515
rs10891556 rs2514219

l

(at 112749387 bp, Build 36.1)
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Fig. 1. Location of genotyped SNPs across the region. Exons for DRD2 shown in dark blue; exons for ANKK1 shown in orange. The light blue boxes rep-

resent 5" and 3' UTRs; the red SNPs are coding SNPs.

using the Pedigree Disequilibrium Test (PDT) (Martin et al.,
2000). The PDT uses all available trios in a family (2 parents plus
child genotyped) as well as discordant siblings. This test produces
2 statistics: the “PDT-ave,” which averages the association statis-
tic over all families, and the “PDT-sum,” which gives greater
weight to larger families with more informative trios and discord-
ant siblings (Martin et al., 2000). We expect genetic heterogeneity
in our sample whereby not every gene will necessarily have a
detectable impact on alcohol dependence/related phenotypes in all
families in the sample. By chance, depending on whether larger
or smaller families are associated with the gene under study, this
will determine whether association would be detected using the
sum or average statistic (i.e., if larger families happen to be asso-
ciated, the sum statistic will be more significant; on the other
hand, if larger families are not associated with the gene they
would mask any potential association in the sum statistic due to
the heavier weighting of these families). Accordingly, we compu-
ted both statistics because we expect genetic heterogeneity and it
is impossible to know a priori what subset of families will show
association.

To the extent that the DRD2 gene may be related to broad dis-
inhibitory phenotypes, special care must be utilized when classifying
“unaffecteds” (Noble, 2003). Accordingly, across all analyses, we
removed from the unaffected group (and coded as unknown) individ-
uals meeting criteria for DSM-IIIR illicit drug dependence (n = 130)
or ASPD (n = 31). In addition, a small number of individuals
(n = 73) were removed from the unaffected group because they
endorsed 3 or more symptoms of alcohol dependence, but did not
meet criteria for a diagnosis due to the requirement of clustering in
time.

RESULTS

Figure 2 shows the LD across the region. From the
D’ measure, the SNPs in the region appear to fall into 3 LD
blocks: rs2282511-1s4938015, rs7118900-1s4648318, and
rs4581480-rs2511515. The r* measure reveals very high corre-
lation among SNPs in the first block, but only moderate
correlation in the remaining blocks.

Table 2 presents results for all genotyped SNPs in DRD?2
and ANKK]I with each of the phenotypes analyzed. Across all
phenotypes, p-values were generally more significant using the
PDT-sum versus average statistic, suggesting some hetero-
geneity in the sample with larger families contributing more
to the signal. However, the PDT-average statistics yielded
results in the same direction, indicating that it was not the
case that only a few large COGA families contributed to the
signal. When analyzing DSM-IV alcohol dependence, 3 of
the 10 SNPs in ANKK/I and 1 of the 16 SNPs in DRD2
yielded p-values <0.05. With the more severe alcohol depend-
ence phenotypes, alcohol dependence with resultant medical
complications, and alcohol dependence with comorbid
ASPD, the evidence for association with ANKKI increased
despite a reduction in sample size. For alcohol dependence
with medical complications, 6 SNPs in ANKK/ were signifi-
cant at p < 0.05, with 3 SNPs significant at p < 0.01. For
alcohol dependence with ASPD 9 of the 10 SNPs genotyped
in ANKK]I were significant at p < 0.05. With this comorbid
phenotype 5 SNPs in DRD? also yielded p-values <0.05. The
association observed with alcohol dependence with a high
number of symptoms was not as strong as that observed with
the subgroup with medical complications. In addition, sever-
ity as defined by alcohol dependence with withdrawal did not
yield more significant evidence for association.

Because p-values are necessarily influenced by sample size,
Table 3 presents the overtransmission ratio and frequencies
of the overtransmitted allele in affected and unaffected mem-
bers of discordant sibling pairs to give an indication of effect
size. These were calculated for the SNP rs4938012, the most
significant SNP in the block of SNPs in high LD at the 5
end of ANKKI that yielded evidence of association. The
over-transmission ratio is calculated by dividing the number
of times a particular allele was transmitted to affected indi-
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DRD2/ANKK]1, Chromosome 11
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Fig. 2. Linkage disequilibrium across the region.
Table 2. p-Values From Family-Based Association Tests

AD + With-
drawal

AD + Med
AD compl

AD +6,7

AD + ASPD Symptoms

LD Chromosomal

Marker Gene position? Heterozygosity Sum Average Sum Average Sum Average Sum Average Sum Average
rs2282511  ANKK1 1 112749387 0.47 0.06 025 0.009 0.02 003 010 006 023 0.15 0.25
rs877138  ANKK1 1 112761718 0.46 0.08 0.30 0.03 013 0.02 023 0.07 021 0.05 0.14
rs4938012 ANKK1 1 112764864 0.45 0.03 0.03 0.008 0.01 001 0.04 004 005 0.02 0.03
rs17115439 ANKK1 1 112769482 0.45 0.04 0.10 0.01 0.02 0.01 006 0.04 006 0.03 0.05
rs4938015 ANKK1 1 112769854 0.45 0.06 0.15 0.02 0.07 0.02 022 0.09 020 0.06 0.08
rs7118900 ANKK1 2 112772031 0.31 020 0.83 0.72 073 0.02 008 0.06 057 040 0.95
rs11604671 ANKK1 2 112773269 0.51 051 079 0.07 0.06 0.03 0.12 038 060 0.37 0.31
rs4938016 ANKK1 2 112775225 0.45 0.03 0.03 0.06 004 050 029 077 063 052 0.25
rs2734849 ANKK1 2 112775370 0.50 029 071 0.02 0.03 004 012 037 075 020 0.30
rs1800497° ANKK1 2 112776038 0.32 041 083 049 056 0.03 004 010 072 053 0.75
rs6279 DRD2 2 112786283 0.46 043 032 0.12 010 053 025 089 058 048 0.14
rs6275 DRD2 2 112788687 0.45 037 020 0.12 013 029 0.10 0.77 041 019 0.03
rs2075654  DRD2 2 112794276 0.27 0.57 0.65 0.19 0.24 0.01 0.06 0.11 0.57 0.17 0.64
rs2471857 DRD2 2 112803549 0.28 060 070 0.29 047 001 006 013 058 017 054
rs4648318 DRD2 2 112818599 0.40 0.92 037 0.56 0.11 1.00 034 057 097 054 0.17
rs4581480 DRD2 3 112829684 0.18 0.98 093 0.56 080 038 059 061 054 092 043
rs4245149 DRD2 3 112843567 0.26 071 066 0.55 074 002 004 082 049 070 0.84
rs4938019 DRD2 3 112846601 0.26 071 038 0.29 066 003 006 090 097 060 0.39
rs1799978 DRD2 3 112851561 0.09 0.02 0.17 1.00 078 032 035 0.04 007 046 0.27
rs12364283 DRD2 3 112852165 0.14 0.90 0.30 0.53 048 006 014 061 053 015 044
rs10891556 DRD2 3 112857971 0.32 0.33 0.11 094 048 008 0.16 083 033 069 0.73
rs6589377 DRD2 3 112860946 0.45 0.68 0.84 0.46 017 055 075 096 055 036 0.62
rs4245150 DRD2 3 112869857 0.45 065 0.82 0.54 052 070 070 085 097 0.60 0.81
rs12361003 DRD2 3 112886028 0.47 0.40 0.45 0.17 0.40 0.03 0.14 0.10 0.28 0.28 0.92
rs2514218 DRD2 3 112898204 0.44 049 058 0.39 026 080 056 080 089 047 092
rs25611515 DRD2 3 112902865 0.43 092 079 0.61 054 018 028 059 073 1.00 0.94

AD (n = 768 affected), alcohol dependence; AD + Med Compl (n = 130 affected), alcohol dependence with medical complications; AD + ASPD
(n=163), alcohol dependence with comorbid antisocial personality disorder; AD + Withdrawal (n = 376), alcohol dependence with withdrawal;
AD + 6, 7 Symptoms (n = 363 affected), alcohol-dependent individuals with 6 or 7 symptoms.

aAccording to NCBI genome build 36.2, dbSNP 126.

PBoldface SNP is the TaqlA marker frequently genotyped in the DRD2 literature.

p-Values <0.05 are highlighted in bold, p-values are uncorrected for multiple testing.
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Table 3. Comparison of Effect Sizes Across Phenotypes at rs4938012

AD AD + Med Compl AD + ASPD AD + Withdrawal AD + 6, 7 Symptoms
Overtransmission ratio 1.09 1.36 1.2 1.11 1.11
Frequency in affected sibs 70% 72% 74% 69% 70%
Frequency in unaffected sibs 66% 64% 61% 63% 62%

G allele is overtransmitted/more frequent in affected individuals.

AD, Alcohol dependence; AD + Med Compl, alcohol dependence with medical complications; AD + ASPD, alcohol dependence with comorbid
antisocial personality disorder; AD + Withdrawal, alcohol dependence with withdrawal; AD + 6, 7 Symptoms, alcohol-dependent individuals with 6

or 7 symptoms.

viduals, across all families, with the number of times it was
not transmitted. In the absence of association, we expect
these numbers to be equal, yielding a ratio of 1.0. Ratios
higher than 1.0 indicate how much more frequently the allele
was transmitted to affected individuals. The overtransmis-
sion ratio for DSM-IV alcohol dependence was 1.09 with a
4% frequency difference between discordant siblings. The
phenotypes alcohol dependence with medical complications
and alcohol dependence with comorbid ASPD were the only
2 severity indices that yielded an increase in the overtrans-
mission ratio, an increase in the frequency among affected
siblings, and a decrease in frequency among unaffected sib-
lings from discordant pairs. The subgroup of alcohol-
dependent individuals with medical complications had the
highest overtransmission ratio (1.36), with an 8% increase in
frequency of the allele in the affected group compared to the
unaffected group, while the subgroup of alcohol-dependent
individuals with ASPD showed the greatest difference
between the frequency of the overtransmitted allele in affec-
ted compared to unaffected siblings (13% difference).

DISCUSSION

By genotyping SNPs across the region containing ANKK/
and DRD2, by conducting family-based analyses, and by
carefully characterizing the alcohol dependence phenotype,
this study provides the most extensive investigation of the
DRD? region with alcohol dependence to date. Interestingly,
our analyses yield evidence of association, as indicated by the
overtransmission of particular alleles to affected individuals
within a family, and an increased frequency of the overtrans-
mitted allele in affected as compared to unaffected siblings,
across multiple SNPs in this region. However, the evidence
for association is most strongly concentrated in SNPs in the
5’ block of the ANKK]I gene.

These results closely parallel a recent paper examining
association between ANKKI and DRD2, as well as 2 other
nearby genes, NCAM 1 and TTCI2, with respect to nicotine
dependence (Gelernter et al., 2006). The LD structure across
the region containing ANKKI and DRD?2 in the Gelernter
sample closely matches that found in the COGA sample,
and, similar to our finding, association was observed with
SNPs in the block containing ANKKI/TTCI2, with only
weak evidence of association in DRDZ2. The most significant

SNP associated with nicotine dependence in the Gelernter
paper, 154938012, was also the most significant SNP with
alcohol dependence in our analyses. Unfortunately, we do
not have nicotine dependence diagnoses for the COGA sam-
ple. We do have a measure of habitual smoking, as meas-
ured by interview report of smoking at least 1 pack a day
for 6 months or longer, but there was no evidence of associ-
ation with this phenotype in the COGA sample (this pheno-
type may more closely resemble another phenotype analyzed
in the Gelernter paper, Fagerstrom Test for Nicotine
Dependence Scores, which did not yield strong evidence for
association in their sample). The sample analyzed in the Gel-
ernter report was ascertained based on sibling pairs affected
with cocaine or opioid dependence, and 40% of the sample
was affected with alcohol dependence (Gelernter et al.,
20006); thus, it is unclear to what extent their results may
have been influenced by alcohol dependence in the sample.

Supporting previous findings in the literature, the effect
found here does appear to be stronger in subgroups of more
severe alcohol-dependent individuals (Noble et al., 2000). Spe-
cifically, we found stronger evidence of association with alco-
hol dependence with medical complications and alcohol
dependence with comorbid ASPD. The findings with medical
complications extend the current literature in which this
phenotype has received fairly consistent support (Blum et al.,
1990, 1991; Lawford et al., 1997; Noble, 2000b). However,
despite the fact that experiencing medical complications is
correlated with meeting criteria for a higher number of
dependence criteria, our analyses of the subgroup of alcohol-
dependent individuals meeting 6 or 7 dependence criteria sug-
gest that simply having a high symptom count does not
account for the association. In addition, there was not
increased evidence of association with the subgroup of alco-
hol-dependent individuals with withdrawal symptoms. These
analyses suggest that the association with gene(s) in this
region may be more specific to alcohol dependence character-
ized by medical complications and alcohol dependence with
comorbid ASPD, rather than broadly applying to “more
severe” cases of alcohol dependence.

The p-values reported in the text are uncorrected for mul-
tiple testing. No consensus exists for the most appropriate
way to handle the analysis of correlated phenotypes and cor-
related SNPs. The Nyholt correction has been proposed as a
means of dealing with the latter concern (Nyholt, 2004), by
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using information on the pairwise LD matrix for the geno-
typed SNPs to compute the number of “effectively independ-
ent” SNPs. Using the updated method of Li and Ji (2005), the
effective number of SNPs (M) based on the 26 SNPs geno-
typed in this study was 11. With My = 11, the Bonferroni
corrected significance threshold required across the region
would be p = 0.005. The most significant SNPs in ANKK]/
approached this more stringent level of significance
(p = 0.008 with rs4938012). However, rather than employing
strict p-value cut-offs for evaluating evidence for association
for a particular gene, we consider as positive a group of SNPs
yielding evidence of overtransmission that correspond with
the pattern of LD. In the current paper, we have 3 nominally
significant SNPs (p < 0.05) and 3 trend level SNPs
(p < 0.10) of 10 in ANKK]I with the phenotype of alcohol
dependence, but only 1 of 16 SNPs in DRD2. The single SNP
in DRD?2 yielding p < 0.05 has low heterozygosity and is sur-
rounded by clearly negative SNPs. Accordingly, although we
cannot rule out involvement of DRD2, we believe our data
more strongly support a risk locus in ANKKI. The support
for this conclusion is even stronger with the phenotype of
alcohol dependence with medical complications, where 6
SNPs yield p < 0.05 and 2 additional SNPs yield p < 0.10
of the 10 SNPs in ANKKI, and none of the SNPs in DRD?2
yield any evidence of association. Furthermore, our confid-
ence in this conclusion is bolstered by the parallel pattern of
results observed in the Gelernter et al. (2006) report of exten-
sive analyses of genetic variation across this region. Our
results are also consistent with the report that the DRD?2
TaqlA polymorphism was not associated with alcohol
dependence in a subset of the sample analyzed here (Edenberg
et al., 1998).

We have chosen not to run a series of haplotype analyses
across the region because we believe that this would com-
pound the problems associated with multiple testing, and that
the single SNP association results compellingly suggest that
the association is concentrated in the 5’ block of LD in
ANKK]I. However, there were several SNPs in the second LD
block (that spanned both ANKK/! and DRD?2), that showed
some evidence of association with the phenotype of alcohol
dependence with comorbid ASPD. Accordingly, we ran a
haplotype analysis with the 3 tag SNPs in block 2 indicated
by Haploview Tagger (rs6275-rs11604671-rs4648318) with
the phenotype of alcohol dependence with comorbid ASPD.
The haplotype analysis was not significant with either sum or
average PDT (p-values >0.10). Because there has been long-
standing interest in a possible role of the TaqlA polymorph-
ism in susceptibility to alcohol dependence, we also ran a 2
SNP haplotype, comprised of rs4938012 (the SNP showing
the strongest evidence of association from block 1), and
rs1800497 (the TaqlA polymorphism in the second LD
block), to approximate a multi-locus model, in order to test
whether genetic variation in this second, independent block of
SNPs in DRD2 contributed any independent evidence for
association in addition to the evidence for association yielded
by single SNPs in the first block of ANKKI. The transmission
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rates for the individual haplotypes for the 2 SNP haplotype
comprised of rs4938012 and the TaqlA polymorphism indi-
cated that both of the haplotypes containing the “1” allele at
rs4938012 were undertransmitted and both haplotypes con-
taining the “2” allele at rs4938012 were overtransmitted.
Accordingly, the TaqlA polymorphism does not add any
additional information over the evidence for association
yielded by SNPs in the first LD block.

Thus, our data indicate that the evidence for association in
our sample of families with multiple alcoholic members lies
primarily in the ANKKI gene. ANKKI is a member of an
extensive family of proteins involved in signal transduction
and cellular responses to external stimuli. Accordingly, it is
possible that ANKKI may be involved in dopaminergic
reward processes via signal transduction. The strongest evi-
dence for association in ANKK/ came from SNPs across the
most 5 block in the gene. Data from the HapMap project
suggest that this block of LD extends beyond ANKKI and
into the neighboring 5" gene, Tetratricopeptide Repeat
Domain 12 (TTC12). Tetratricopeptide repeat domains are
found in a variety of organisms including bacteria, yeast,
fungi, plants, and humans, and appear to be involved in a
variety of functions including protein—protein interactions.
Because of the extensive LD across ANKKI and TTCI2 in
this region, it is unclear whether variation in 77C12 may also
be involved in the detected evidence for association. Finally,
we note that our findings do not rule out involvement of dop-
aminergic transmission in addictive processes, for which there
is evidence from several lines of research, including animal
studies (Crabbe and Phillips, 1998; Thanos et al., 2004), and
brain imaging studies (Volkow et al., 2004).

In short, our analyses, using data from the largest family-
based study of alcoholism to date (COGA), suggest that fur-
ther investigation of the role of the several genes clustered in
this chromosomal region is warranted. These results suggest
that genes in the vicinity of DRD2, such as ANKKI, and poss-
ibly others, are involved in the risk for specific severe forms of
alcohol dependence. The involvement of multiple genes in the
region may also provide a possible explanation for the incon-
sistency in the literature surrounding DRD2 and addictive
behaviors.
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