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Abstract
Background—Alcohol dependence (AD) is costly to societies worldwide, moderately heritable,
and genetically complex. Risk loci in several populations have been identified using genetic linkage
analysis. To date, there has been no published linkage study of AD focused on African-Americans
(AAs).

Methods—We completed a genomewide linkage scan using ~6000 SNP markers to map loci
increasing risk for DSM-IV AD in a set of 238 small nuclear families ascertained based on multiple
individuals affected with cocaine or opioid dependence. Model free linkage analysis was completed
using MERLIN software. A modified marker set was used to avoid bias due to markers in strong
linkage disequilibrium.

Results—We identified a genomewide-significant linkage to markers near 117.2 cM on
chromosome 10q23.3–24.1 (lod score 3.32; p = 5.0E-05; empirical genome wide p=0.033).

Conclusions—These data add to the growing evidence for locations for AD risk loci, and provide
the first linkage evidence for such a locus in the AA population.
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Introduction
Alcohol dependence (AD) is extremely costly to individuals and to society in the US and
throughout the world, in terms of morbidity, mortality, and financial burden. Genetic factors
are important determinants of the development of AD, as established by twin, family, and
adoption studies, with most studies settling on heritability in a range of 0.50–0.60 e.g. (1–3).
Numerous other traits related to AD, such as alcohol intake, are themselves heritable (4).
However, all studies establishing the basic parameters of heritability for AD have focused on
subjects of non-African ancestry, most on subjects of European ancestry. Epidemiologic data
show that rates of alcohol use, abuse, and dependence are all somewhat lower in African-
Americans (AAs) than in European-Americans (EAs); for AD, the lifetime rates are 13.8% for
EAs and 8.4% for AAs (5) Substantial progress has been made in mapping and identifying
genes in EA, and to some extent in Native American, populations. It cannot be assumed that
the same factors are important in AAs.

Genome scan linkage mapping projects have identified promising map positions for AD
susceptibility loci, some of which have already led to the discovery of disease-influencing
genes. The first linkage studies of AD (6–8) provided nonsignificant support for several
chromosomal locations that could potentially harbor loci influencing risk. Wilhelmsen et al.
(9) reported a genomewide linkage study for an alcohol-related trait, low-level response to
alcohol; although this study considered a small sample (139 sibling pairs), several “suggestive”
linkages were identified. Ehlers et al. (10) conducted linkage analysis in a sample of Mission
Indians; several lod scores >2 were identified for the phenotypes of alcohol severity
(chromosomes 4 and 12) and alcohol withdrawal (chromosomes 6, 15, and 16). The most recent
large study to be reported focused on a set of 474 small families recruited in Ireland (11); this
study also reported strongest results (up to a genomewide-significant multipoint lod score of
4.59) on chromosome 4. We are not aware of any previous linkage study that focused on AD
in an AA population.

Until recently the only genes established to affect risk for AD were those encoding several
alcohol metabolizing enzymes, but several other genes can now be regarded as confirmed risk
loci (GABRA2; (refs. 12–15)), or strong candidates based on published data (e.g., CHRM2;
(16,17)). Further, the data supporting a relationship of ADH and ALDH loci to AD risk are now
much richer, and effects at these loci are recognized in many more populations than previously
(17–22). Although the mechanism of action of the effects of alcohol-metabolizing enzymes on
AD risk is thought to be well understood, we are still in the early stages of understanding the
core physiology of other risk loci. It is clear that only a small number of the many genes that
influence risk for AD have been identified; and that the effects of many of the identified loci
vary by population.

We collected a set of small nuclear pedigrees suitable for linkage analyses of cocaine
dependence and opioid dependence (23,24). Families were selected on the basis of containing
at least two siblings each affected with either cocaine or opioid dependence (or both);
recruitment was not conditioned on AD. We have also published results from this sample for
nicotine dependence (25). We evaluated these subjects with the SSADDA (Semi-Structured
Assessment for Drug Dependence and Alcoholism (23,26,27), a polydiagnostic instrument that
assesses a range of psychiatric diagnoses, including DSM-IV AD. We describe here the results
of a genomewide linkage analysis for AD in the AA families in this clinical sample.
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Methods
Subjects for this study were recruited at four sites: Yale University School of Medicine (APT
Foundation; New Haven, CT), University of Connecticut Health Center (UConn; Farmington,
CT), McLean Hospital (Harvard Medical School; Belmont, MA), and Medical University of
South Carolina (MUSC; Charleston, SC). Subjects were originally ascertained for affected
sibling pair linkage studies of the genetics of cocaine or opioid dependence (23,24). Families
were recruited based on screening suggesting that two siblings would meet diagnostic criteria
for opioid dependence (at the UConn and Yale sites) or cocaine dependence (all sites). Alcohol
use played no role in proband selection or pedigree extension. Subjects were classified as
African- American (AA) based on a Bayesian model-based clustering method using genetic
marker information, with STRUCTURE (28). We used 100,000 iterations for the burn-in, with
a run length of 100,000. Included in the STRUCTURE analyses were 1408 SNPs from the
genomewide scan. The program implements a model-based clustering method for inferring
population structure using genotype data. Individuals in the sample are assigned
(probabilistically) to populations, or jointly to two or more populations if their genotypes
indicate that they are admixed. We allowed for up to five populations, but found the best fit at
two: one mostly AA and one mostly EA. We found that only 1% of the subjects self-reporting
to be of AA descent clustered in the EA group, and of the subjects self-reported to be EA, only
1.5% clustered in the AA group. Of subjects identifying themselves as White Hispanic, 45%
clustered in the AA group versus 55% of subjects who identified themselves as Black Hispanic.
Structure reports the posterior probability that individual i is from population k with a value
between 0 and 1. A large majority of subjects had a posterior probability of about 0.9 and only
a small minority, mostly mixed-ethnicity families, clustered near the middle. The threshold we
used in those cases was 0.5. Individuals with a clinical diagnosis of a major psychotic illness
(schizophrenia or schizoaffective disorder) were excluded as probands. When an affected
sibling pair was recruited, we also recruited additional siblings and parents, whenever possible,
regardless of affection status. Out of a total of 339 AA families, 238 families had at least one
subject affected with AD. The sample included 840 genotyped subjects (and a total of 1642
for linkage analysis, including, e.g., ungenotyped parents). 50.4% were male, and age range
was 18–79, with a mean of 40.8±7.3 (SD). Family size ranged from 3–13 subjects, with a mean
of 4.84. Subjects gave informed consent as approved by the institutional review board at each
clinical site, and a certificate of confidentiality for the work was obtained from NIH (NIDA).
Family characteristics are shown in Tables 1.

Diagnosis
Subjects were interviewed using the SSADDA for psychiatric diagnosis as described
previously (23,26,27). The diagnosis of AD was based on application to the SSADDA data set
of a computer algorithm using DSM-IV diagnostic criteria. 355 subjects were affected with
AD, and a further 184 met criteria for alcohol abuse. For the purpose of these analyses, we
considered subjects who met the diagnosis of alcohol abuse to be diagnostically unknown; this
was intended as a conservative way to treat subjects who could not be definitively characterized
as affected or unaffected.

Laboratory Methods
In most cases DNA was obtained from immortalized cell lines, although for some subjects
DNA was extracted directly from blood or saliva. Single nucleotide polymorphisms (SNPs)
were genotyped at the Center for Inherited Disease Research (CIDR) using the Illumina
Linkage IVb Marker Panel with SNP markers with average 0.64 cM spacing and an average
marker heterozygosity of 0.38 in African Americans
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(http://www.cidr.jhmi.edu/human_snp.html). We previously reported association analyses
with this dataset for the major substance dependence traits (29).

Statistical Analysis
PREST (30) was used to validate the reported family relationship assignments and PedCheck
(310) was used to detect and correct the Mendelian inconsistencies in the data. Based on this
analysis eight changes were made; four reported full-sibs were reclassified as half-sibs; three
reported full-sibs and one reported half-sib were actually unrelated and excluded from further
analysis. Uninformative SNPs (i.e., those with minor allele frequency [MAF] <0.1) and SNPs
not in Hardy–Weinberg equilibrium (HWE) (with (p value < 0.001)) were excluded from the
analyses (cf. ref 29). Six thousand eight SNP markers were genotyped. Thirty-six SNP markers
that displayed excessive replicate or Mendelian errors, had more than 50% missing data, or
were monomorphic were excluded. We limited our analysis to the 5,633 remaining autosomal
markers. The average rate of missing data among the remaining markers was 0.10%. By subject,
1669 subjects (total dataset including EA subjects who were not included in the linkage
analysis) had ≤1% missing data, and 30 subjects had 1–5% missing data. No subject had >5%
missing data. By marker, 5573 markers had <1% missing data; 40 had 1–2% missing; 9 had
2–3% missing; 5 had 3–4% missing; 2 had 4–5% missing; 2 had 5–6% missing; and 2 had 6–
8% missing. No marker had >8% missing data. Linkage analyses were performed using the
package Merlin (32). To address the issue of marker-marker linkage disequilibrium (LD) in
the data set that has the potential to spuriously inflate linkage results, SNPs showing LD were
grouped into clusters (33). Clusters were created when the pairwise r2 between neighboring
SNPs was greater than 0.10. Analyses were repeated with r2 thresholds of 0.05, 0.2, and 0.3 to
gauge the effect of LD on the linkage results. Map positions for the clusters were calculated
as the midpoint between the positions of the outer-most SNPs in the cluster. In the few instances
of an obligate recombination among SNPs in a cluster, genotypes for SNPs in the cluster were
recoded as missing for the recombinant individuals. Population haplotype frequencies were
calculated using the available genotype data and a maximum-likelihood E-M algorithm. No
linkage disequilibrium was assumed between the clusters.

Multipoint nonparametric linkage analysis was then performed using the haplotypes based on
the SNPs comprising these clusters as unlinked (composite) markers, thus gaining linkage
information while avoiding inaccuracies caused by ignoring the tight intermarker LD between
the SNPs.

To estimate the type I error rate in the analysis, 1000 unlinked genome scans were simulated
and analyzed in the same way as the original data. This provided us with empirical p-values
and genome-wide p-values for the data set.

Results
Simulations

From 1000 genomewide simulations (for model-free multipoint linkage), we observed 1166
lod scores >1.9, 75 lod scores >3, 33 lod scores >3.32, and 2 lod scores >4.

Linkage analysis
We observed one linkage peak that satisfied empirical genomewide significance criteria (i.e.,
based on simulations); this corresponded to a maximum lod score of 3.32 on chromosome 10
at 117.4 cM (10q23.3–q24.1) (genomewide empirical p=0.033; point p=0.00005) (Figure 1).
The location and the value of this peak did not change when analyses were repeated using
different r2 values for grouping SNPs into clusters. The 95% (i.e., one LOD-unit) confidence
interval is a 10 cM region between 115.1 cM and 125.3 cM. Lod scores greater than 1 were
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also observed on chromosome 9 (lod score 1.01 at 66.4 cM); chromosome 14 (a lod score of
1.03 at 32.0 cM); chromosome 16 (lod score 1.2 at 29.9 cM); and chromosome 17 (lod score
1.67 at 48.9 cM). Notably, no lod score >0.33 was observed on chromosome 4, which is the
chromosome where positive linkage signals have been observed most consistently in other
(i.e., non-AA) populations (6–8,10,11).

Linkage results are summarized in Table 2.

Discussion
We completed a dense SNP genomewide linkage scan for the trait of DSM-IV AD in a sample
of AA small nuclear families. We observed one genomewide significant linkage result, on
chromosome 10, at 117.4 cM. Although we observed other linkage signals that might indicate
locations of AD susceptibility genes, most notably a lod score of 1.67 on chromosome 17, the
chromosome 10 signal was by far the strongest and the only one meeting genome wide
significance. This is the first report of genomewide-significant linkage to the trait of AD in an
AA population, and the first report of a significant AD linkage to this chromosomal location,
to our knowledge. Li et al. (34) have previously reported on a linkage study for nicotine
dependence-related traits in AAs, and they, interestingly, also reported a single genomewide-
significant linkage signal, also on chromosome 10. These investigators observed a lod score
of 4.17 at 92 cM. Because this location is not within the 1-lod support interval for the locus
we observed on the same chromosome, it likely represents a different risk gene. We previously
reported linkage results for cocaine and opioid dependence, and cocaine-induced paranoia, in
parts of the same AA sample reported upon here (23,24). As we have reported previously
(29), the correlations for diagnoses of alcohol, opioid, and cocaine dependence in this sample
are not high; they range between 0.067 (cocaine vs opioid dependence) and 0.295 (cocaine
dependence vs AD). Thus, linkage analyses of these traits capture different information. The
chromosomal region contains numerous genes potentially relevant to alcohol dependence, of
which perhaps the most immediately interesting are the genes encoding synaptic vesicular
amine transporter, or VMAT 2 (SLC18A2) (which is however distal to the peak signal); and
serotonin 7 receptor (HTR7).

Two previous linkage studies reported evidence for linkage of traits related to alcohol
dependence and chromosome 10 markers. Agrawal et al. (35) reported suggestive linkages at
the 60 and 99 cM on that chromosome to a quantitative trait based on DSM-IV AD symptoms,
in a mostly EA sample – quite distant from our observed linkage peak. Schuckit et al. (36)
observed suggestive linkage to the trait of “level of response to alcohol” in the region of 120–
140 cM on chromosome 10; this linkage signal is far more likely to have its origin at the same
genetic locus, or loci, as the one we observed. Kendler et al (37) also found modest evidence
for linkage of a conduct disorder and AD-related trait in the same region. Consistent with
expectations based on relatively low correlations between different SD diagnoses in our
sample, the major linkage peak we observed for AD does not coincide with peaks observed
for cocaine (23), nicotine (25), or opioid dependence (24), in our previous studies, with one
exception: we observed “suggestive” linkages for Fagerstrom Test for Nicotine Dependence
(FTND) scores on both sides of the chromosome 10 peak, i.e., flanking it, under different
analytic models, in EA subjects (24).

As we stated above, it cannot be assumed that identical risk factors are important in different
populations. There are numerous reported instances that show evidence for different linkage
signals in different populations (e.g., genetic linkage studies of cocaine and opioid dependence
that we have reported previously, 23,24). There are also instances where specific risk alleles
differ by population. One such instance – where it has been shown that a specific risk allele is
present in AAs but not EAs – involves ADH loci and risk for alcohol dependence. ADH2
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rs2066702, traditionally called Alcohol Dehydrogenase-2*3, is a functional variant that
encodes a high-activity isozyme that is common in AAs but rare in EAs (38). According to the
observations of several authors, including ourselves (39), this is a risk variant. (We observed
minor allele frequencies for this variant of 0 in EAs, 0.178 in AD AAs, and 0.255 in AA control
subjects (39).)

Power is always a concern for genetic linkage studies of complex traits such as AD. Phenotypic
ascertainment is time consuming and expensive, collecting families with multiple affected
individuals is challenging, and extending sibling pairs to include additional siblings and
parents, difficult. Thus, methods that increase the power of linkage studies with such samples
provide an efficient means of extracting the largest possible amount of linkage data.
Considerably more linkage information may be extracted from a linkage sample using a high-
density SNP map, compared to what is now considered a low-density (400 marker) short
tandem repeat (STR) map (such as that employed in our previous linkage studies with parts of
this sample). The information increment was estimated to be close to 75% in families where
parental genotypes were unavailable but <50% where parental information was available
(40). Evans and Cardon (41) also emphasized that very dense SNP maps provide the greatest
increment in linkage information when parental genotypes are unavailable. Due to the
characteristics of our particular sample, which is rich in small nuclear families (in most cases
including no more than one parent), the increment in information achieved is of particularly
great value, and it is doubtful that we would have identified a statistically-significant linkage
in this sample without a highdensity marker set because of the relatively small set of informative
families. The fact that AD is less common in AAs than in EAs suggests that a higher genetic
loading is required in this population for the trait to be expressed, which may also have worked
in our favor to identify a significant linkage. It is difficult to estimate power for a study such
as this; power depends on several factors of which only two (sample size and marker density)
are known. Other factors include heterogeneity and effect size. Risch and others have published
power calculations for affected sibling pair linkage based on sample size and λ. Based on
Risch’s power calculations (42) assuming 100 ASPs (approximately the number included here)
and close linkage, we had sufficient power to detect a locus with a λs = 3. For a λs = 2, power
is only about 40%. Our power was somewhat better than this since we had ~2.7 affected
members per family.

In summary, we presented a genomewide linkage scan of AD in an AA population, based on
a dense SNP map. We identified one linkage peak empirically established as genomewide-
significant, the first such finding in an AA population. This finding, if replicated or otherwise
confirmed (by identification of a risk locus that maps within the linkage peak), will provide
useful information in the search for genetic loci influencing AD risk specifically in the AA
population – either through direct query of the linked region, or by providing a signal that can
be used to rank SNPs in a genome wide association analysis, as a way to address the severe
multiple testing issues inevitably countered in the course of genome wide association designs
(43). Regardless of whether such a risk locus would affect outcome exclusively in AAs or
generalizes to other populations, it may be expected to point to mechanisms of action for risk
that apply globally.
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Figure 1.
Chromosome 10 linkage results. LOD, logarithm of odds.
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Table 1
Families with two or more affected subjects

Families (n) 97

Subjects (n) 516

Family size (avg) 5.32

Subjects with SSADDA assessment (n) 277

Subjects meeting DSMIV AD dx (n) 263

AD subjects per family (avg) 2.71

Average parental age 62.4 ± 9.9

Average offspring (sibling pair) age 39.5 ± 6.6
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Table 2
Maximum observed lod scores on each chromosome.

Chromosome Position Lod p-value

1 19.0 0.11 0.2

2 19.1 0.47 0.07

3 159.8 0.37 0.1

4 51.0 0.33 0.11

5 82.2 0.17 0.2

6 28.7 0.24 0.15

7 66.8 0.19 0.2

8 55.0 0.06 0.3

9 66.4 1.01 0.02

10 117.4 3.32 0.00005

11 58.1 0.1 0.2

12 50.1 0.26 0.14

13 108.8 0.4 0.09

14 32.0 1.03 0.015

15 112.4 0.14 0.2

16 29.9 1.2 0.009

17 48.9 1.67 0.003

18 0.1 0.25 0.14

19 5.6 0.17 0.2

20 79.8 0.52 0.06

21 4.4 0.01 0.4

22 35.5 0.46 0.07
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