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There is shared genetic risk for dependence on multiple substances, and the nicotinic receptor gene cluster on chromosome 15 harbors

multiple polymorphisms that associate to this risk. Here, we report the results of an association study with 21 SNPs genotyped across the

CHRNA5, CHRNA3, and CHRNB4 loci on chromosome 15q25.1. The sample consists of a discovery set (N¼ 1858) of European-

American and African-American (AA) families, ascertained on the basis of a sibling pair with cocaine and/or opioid dependence, and a

case–control replication sample (N¼ 3388) collected for association studies of alcohol, cocaine, and opioid dependence. We tested the

SNPs for association with lifetime cocaine, opioid, nicotine, and alcohol dependence. We replicated several previous findings, including

associations between rs16969968 and nicotine dependence (P¼ 0.002) and cocaine dependence (P¼ 0.02), with opposite risk alleles

for each substance. We observed these associations in AAs, which is a novel finding. The strongest association signal in either sample was

between rs684513 in CHRNA5 and cocaine dependence (OR¼ 1.43, P¼ 0.0004) in the AA replication set. We also observed two SNPs

associated with alcohol dependence, that is, rs615470 in CHRNA5 (OR¼ 0.77, P¼ 0.0006) and rs578776 (OR¼ 0.78, P¼ 0.001). The

associations between CD and rs684513, AD and rs615470, and AD and rs578776 remained significant after a permutation-based

correction for multiple testing. These data reinforce the importance of variation in the chromosome 15 nicotinic receptor subunit gene

cluster for risk of dependence on multiple substances, although the direction of the effects may vary across substances.
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INTRODUCTION

Dependence on legal and illicit drugs is a major public
health problem. Heavy use of alcohol and nicotine represent
the greatest causes of preventable morbidity and mortality
in Western societies (Edwards, 2004). Illicit drug use also
causes substantial morbidity and mortality. Misusers of
cocaine and opioids have six times the mortality rate of an
age-matched population, with the highest mortality rate
seen in people who combine illicit drugs and alcohol
(Gossop et al, 2002).

Susceptibility to abuse and/or dependence on alcohol,
nicotine, and illicit drugs all have genetic components
(Williams et al, 1999; Long et al, 1998; Carmelli et al, 1992;
Heath and Martin 1993; Tsuang et al, 1996; Kendler et al,
2000). Although there are substance-specific factors, much
of the genetic vulnerability to abuse of different substances
is shared (Kendler and Prescott, 1998; Tsuang et al, 1998;
Kendler et al, 1999; Karkowski et al, 2000; Bierut et al,
1998). Substantial research on the genetics of addiction has
focused on reward pathways in the brain, especially those
mediated by the biogenic amines acetylcholine (ACh),
dopamine (DA), and serotonin, including their transporters
and receptors. Here, we report on associations with
nicotine, alcohol, cocaine, and opioid dependence (ND,
AD, CD, and OD, respectively) in large samples of
European-American (EA) and African-American (AA)
families genotyped for 21 SNPs in three nicotinic ACh
receptor genes (CHRNA5, CHRNA3, and CHRNB4) located
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in tandem on chromosome 15. The receptor subunits
encoded by these genes mediate some of the physiological
effects of nicotine (Benowitz, 1996). We also tested these
SNPs for association with the same phenotypes in a
replication sample of unrelated EA and AA cases and
controls.

Most of the SNPs genotyped here have been previously
tested for association with substance abuse or dependence
phenotypes. One study identified a SNP in CHRNA5
(rs16969968), whose minor alleles seem to protect against
ND in subjects who, during their lives, had smoked at least
100 cigarettes (Bierut et al, 2007; Saccone et al, 2007). This
finding was replicated in independent samples (Sherva et al,
2008; Bierut et al, 2008), and was associated with experien-
cing a pleasurable ‘buzz’ on smoking initiation (Sherva et al,
2008). Another study showed that CHRNA5 knockout mice
had a reduced somatic response to nicotine withdrawal
(Jackson et al, 2008). A functional study showed that this
polymorphism decreases the response of the receptor
cluster to a nicotine agonist (Bierut et al, 2008). This SNP
also seems to be associated with CD (Grucza et al, 2008) and
AD (Wang et al, 2008). SNP rs578776 in the CHRNA5/
CHRNA3/CHRNB4 cluster also seems to affect ND risk
(Bierut et al, 2008). In a different study, two other SNPs,
rs1948 and rs8023462, were associated with the age of
initiation for both tobacco and alcohol use (Schlaepfer et al,
2008). A SNP (rs1051730) in CHRNA3 was associated with
smoking quantity (Thorgeirsson et al, 2008) in a European
population. This SNP was recently shown to be associated
with risk of continued smoking during pregnancy (Freathy
et al, 2009). Another study recently identified variants in
CHRNB3 that were associated with ‘dizziness’ after smoking
(Ehringer et al, 2009). Subsequently, these and other
nicotinic receptors were shown to affect cancer risk through
a process independent of their effect on smoking behavior
(Hung et al, 2008; Thorgeirsson et al, 2008; Amos et al,
2008).

The fact that the effect of many variants differs across
population groups further complicates the search for the
genetic influences on addiction. Although several regions
common to AA and EA groups have been identified through
linkage (Li et al, 2008), evidence suggests that certain
variants exert a stronger effect in certain populations
(Saccone et al, 2009). This is consistent with expectations
that different populations may have different risk alleles,
different LD relationships between markers and functional
variants, and different effects of alleles that are directly
functional based on differences in epistasis.

In addition, smoking topography differs across popula-
tion groups, with AAs generally consuming more nicotine

per cigarette than EAs (Perez-Stable et al, 1998). The strong
LD in the region and the different LD patterns observed
across populations further complicate the search for
functional variants. Despite these obstacles, the combina-
tion of genetic association studies and molecular genetic
experiments has provided insight into the functional aspects
of how nicotinic receptors contribute to individual
responses to substances and to the larger process of
addiction.

METHODS

Recruitment and Ascertainment

The sample consisted of a discovery set of families and a
replication set of unrelated cases and controls. Related
individuals were recruited at four US clinical sites: the Yale
University School of Medicine (APT Foundation; New
Haven, CT; N¼ 1473), the University of Connecticut Health
Center (Farmington, CT; N¼ 1430), McLean Hospital
(Harvard Medical School, Belmont, MA; N¼ 505), the
Medical University of South Carolina (Charleston, SC;
N¼ 409), and the University of Pennsylvania (Philadelphia,
PA; N¼ 5). The family sample contained 2129 AAs
(including 132 self-reported Hispanics) and 1706 EAs
(including 310 self-reported Hispanics). Of these, 1858
subjects from 893 families had genotype and phenotype
data. Families were ascertained from treatment centers and
advertisements that recruited affected sibling pairs (ASPs)
meeting Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition (DSM-IV) criteria for CD or OD.
Probands were excluded from further study if they had ever
received a clinical diagnosis of a major psychotic illness (for
example, schizophrenia or schizoaffective disorder). Other
family members of the ASPs were recruited when available,
regardless of affection status. The case–control subjects
were recruited from substance abuse treatment centers and
through advertisements at the University of Connecticut
Health Center (N¼ 1690), Yale University School of
Medicine (N¼ 1471), the Medical University of South
Carolina (N¼ 383), the University of Pennsylvania
(N¼ 260), and McLean Hospital (N¼ 3). The replication
sample of cases and controls contained 1912 AAs (including
76 Hispanics) and 1476 EAs, (including 176 Hispanics).
Table 1 shows the number of cases and controls for each
substance by recruitment site. Subjects gave informed
consent as approved by the institutional review board at
each clinical site, and certificates of confidentiality were
obtained from the National Institute on Drug Abuse and the
National Institute on Alcohol Abuse and Alcoholism.

Table 1 Number of Cases and Controls Recruited by Study Site

Site AD cases AD controls CD cases CD controls OD cases OD controls ND cases ND controls

MUSC 216 228 230 310 72 469 208 344

YALE 1021 627 1444 543 740 1278 1309 745

UCONN 1136 664 1407 616 839 1217 1238 847

UPENN 148 77 255 4 24 230 166 93

MCLEAN 106 60 197 10 84 119 140 71

Abbreviations: AD, alcohol dependence; CD, cocaine dependence; ND, nicotine dependence; OD, opioid dependence.
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Phenotypic Measures

All subjects were interviewed using an electronic version of
the Semi-Structured Assessment for Drug Dependence and
Alcoholism (Pierucci-Lagha et al, 2005) to derive diagnoses
for lifetime ND, CD, OD, and AD according to DSM-IV
criteria. The inter-rater reliability (k (95% confidence
interval)) for these diagnoses was 0.77 (0.67, 0.87), 0.83
(0.75, 0.91), 0.91 (0.79, 1.00), and 0.66 (0.54, 0.78),
respectively, and the test–retest reliability was 0.97 (0.93,
1.00), 0.92 (0.84, 1.00), 0.94 (0.84, 1.00), and 0.87 (0.77,
0.97), respectively (Pierucci-Lagha et al, 2005).

Genotyping

SNP genotyping was performed at Yale University School of
Medicine using a closed-tube fluorescent TaqMan 50-
nuclease allelic discrimination assay ordered as ‘assays-
on-demand’ (Applied Biosystems, Foster City, CA). Fluor-
escence plate reads and genotype calls were made using an
ABI 7900 Sequence Detection Systems. Two nanograms of
genomic DNA was PCR amplified in 384-well plates using a
2 ml reaction volume. The insertion/deletion marker was
genotyped by PCR amplification followed by agarose gel
size fractionation. We designed two primer pairs such that
two reactions could be multiplexed in each gel lane:
rs3841324-f (50-gagacaaaacgagggcagac-30) and rs3841324-r
(50-aaaggaacaaggcgaggatt-30) (product sizes 166 bp and 188 bp),
and rs3841324-F-Long (50-GGGAACGCGAACTCTTGG-30) and
rs3841324-R-Long (50-GCTAGGAGCAGACAGGGTTG-30) (300
and 322 bp). For both genotyping methods, 8% of genotypes
were repeated for quality control; any mismatches triggered
repeats of all genotypes on a given plate. Such duplicate
genotyping was carried out in at least some plates for
markers rs1051730 and rs16969968 and the mismatches
were discarded. Our analysis included 21 markers in the
CHRNA5/CHRNA3/CHRNB4 gene cluster on chromosome
15. A total of 13 SNPs were nominally associated with one or
more of the DSM-IV dependence traits (Pp0.05) in the
discovery set and were subsequently typed in the replication
sample. All SNPs were in Hardy–Weinberg equilibrium
(P40.01).

Statistical Analysis

Analysis was conducted separately in AAs and EAs based on
self-reported race. To verify self-reported race, we used a
Bayesian model-based clustering method implemented in
the program STRUCTURE (Pritchard et al, 2000) to divide a
subset (N¼ 1619) of the family sample into ancestry groups
based on B400 microsatellite markers spaced across the
genome. This clustering produced two distinct groups that
were highly concordant with self-reported AA and EA race.
As genome-wide marker data was not available in the case–
control sample, we used self-reported race to adjust for
ancestry in order to maintain consistency in the analysis of
each sample. Within the AA and EA groups, we included a
covariate for self-reported Hispanic ancestry. Asians, Native
Americans, and Pacific Islanders were excluded from all
analyses owing to low numbers.

We analyzed association of the SNPs with the substance
dependence traits in the family-based discovery data set

using generalized estimating equation (GEE) models
implemented in SAS v.9.1, which employ a standard error
correction to account for the genotypic and phenotypic
correlation among family members. These models also
allow for the inclusion of covariates and produce effect
size estimates in the form of yield odds ratios calculated by
exponentiation of the b-coefficients. The case–control
data were evaluated using logistic regression models
implemented in PLINK v.1.05 (http://pngu.mgh.harvard.
edu/purcell/plink/) (Purcell et al, 2007). We first analyzed
each of the four dependence phenotypes without consider-
ing dependence on other substances, meaning that controls
for one substance might meet the criteria for dependence
on another substance. As this strategy could mask the
effects of SNPs increasing the risk of addiction in general
(although it could increase our ability to identify variants
with a specific effect on the substance in question but not a
general effect on risk), we also tested cases for each
dependence phenotype against a common reference group
that did not meet the criteria for dependence on any of
the substances.

All models were adjusted for age, sex, and Hispanic
ancestry. To address the potential for residual confounding
due to population group, we also compared the primary
results from models (1) that excluded Hispanic subjects,
and (2) that included a covariate for study site to correct for
potential geographic differences in subjects reporting the
same race. We tested for the additive effect of minor alleles
in all analyses. To explore the relationship and pairwise
correlation between phenotypes and to determine whether
SNPs associated with multiple phenotypes had independent
effects on those phenotypes (as opposed to substance
dependence in general), we tested models in which we
adjusted the phenotype of interest for the other phenotypes
with which a given SNP was nominally associated.

As an additional test to confirm findings from regression-
based approaches in the family data set, we used a family-
based association test implemented in the FBAT statistical
package (Rabinowitz and Laird, 2000). These transmission
tests are performed within families and remove potential
bias due to population stratification. FBAT analyses were
considered confirmatory rather than primary because these
statistics underutilize the data when transmission cannot be
determined with the available genotype data.

To account for the multiple tests performed and to obtain
an empirical null distribution of association test P-values,
we conducted 1000 null simulations in both the family and
case–control samples. In the simulations, we preserved the
correlation structure of both the genotypes and the four
phenotypes by randomly permuting them as blocks.
Individuals’ covariates were preserved and adjusted for in
each simulation as well, and separate simulations were
performed in AAs and EAs. The simulated data sets were
then tested for association using logistic regression in the
case–control sample and GEE models for the families. We
took the smallest overall P-value for each replicate (that is,
the smallest value obtained from any SNP–phenotype
combination) to account for the multiple SNPs and
phenotypes analyzed. In the case–control sample, we
randomly assigned genotypes to phenotypes across the
entire data set. In the families, we randomly permuted
genotypes and phenotypes for sibling pairs across families.
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As there were larger families and some parents with
genotype information, we created a number of pairs equal
to half the total number of genotyped individuals in the
sample (N¼ 499 in AA; N¼ 383 in EA) to approximate the
information content in the original data. The resulting null
distribution is approximate, as larger sibships were not
explicitly modeled and parents were not included, but the
method used prevents larger families and parents from
being oversampled. To exceed an experiment-wide P-value
significance threshold of Po0.05, raw P-values had to be
less than 0.0006 in AA families, 0.001 in EA families, 0.001
in AA case–controls, 0.002 in EA case–controls.

Haplotype Generation and Association Tests

We constructed haplotypes within the two main population
groups (AAs and EAs), which included persons reporting
Hispanic descent. As more SNPs were genotyped in the
family samples, we derived the haplotype structure for each
population group using family data and the program
Haploview v.3.2 (Barrett et al, 2005). Haplotype associations
were evaluated in the family sample with FBAT (Rabinowitz
and Laird, 2000) and in the case–control sample with PLINK
(Purcell et al, 2007). For all tests of haplotypic association,
we defined the haplotypes based on the SNP combinations
identified by Haploview.

RESULTS

Table 2 shows several characteristics of both samples by
population. Among the four substance dependence diag-
noses tested in both samples, ND and CD were most
strongly correlated (r¼ 0.36). AD and OD were not
significantly correlated (r¼ 0.02, P40.05). All of the other
pairwise correlations were between 0.22 and 0.31.

In the total sample of families and case–control
individuals, the significance of population group as a
covariate differed among the phenotypes. There were
significantly more AAs with CD and ND; OD and AD rates
did not differ significantly by population. Among EAs,
participants with Hispanic descent had significantly higher
rates of CD, OD, and ND. Among AAs, those with Hispanic
descent had higher rates of OD. These differences may be
due in part to sociological and environmental variation
across the groups studied, as well as to study design and
ascertainment factors, highlighting the need to adjust for
ancestry.

There was also substantial correlation between the SNPs
across the three genes. In EAs, there were four haplotype
blocks (Figure 1) and in AAs there were five haplotype
blocks (Figure 2). In EAs, one block spanned the CHRNA5
and CHRNA3 genes and another spanned CHRNA3 and
CHRNB4. In AAs, only one block contained SNPs in
multiple genes (CHRNA5 and CHRNA3). Linkage disequili-
brium decreased more rapidly with genetic distance in AAs.

Alcohol Dependence

Four CHRNA5 SNPs were nominally associated with lifetime
AD in the EA family-based discovery sample (Table 3).
Three of these SNPs (rs3841324, rs684513, and rs621849)
were tested in the replication sample and all showed

nominally significant association in the AA case–control
group. For each SNP, however, the direction of the effect
was opposite to that in the EA families (Table 3), which does
not indicate a replicable association. Nominally significant
associations were observed with five other SNPs in the AA
case–control group, and two of these, rs615470 (OR¼ 0.77,
P¼ 0.0006, Pempirical¼ 0.02) located in the 30 UTR of
CHRNA5 and rs578776 (OR¼ 0.78, P¼ 0.001, Pempirical¼
0.03) in the 30 UTR of CHRNA3, were significant at the
experiment-wide 0.05 threshold. The trend for rs615470 was
the same in the EA case–control sample, although it was not
significant (OR¼ 0.85, P¼ 0.13). Although only one of the
eight SNPs that were associated with AD in the AA case–
control sample was also nominally significant in the EA
case–control sample (rs2869546), the patterns of association
and odds ratios were similar for six others (Table 4).

Nicotine Dependence

Rs16969968, a widely studied nonsynonymous coding SNP
in CHRNA5, was nominally significantly associated with
lifetime ND in the AA family (OR¼ 1.78, P¼ 0.002,
Pempirical¼0.12) and case–control (OR¼ 1.43, P¼ 0.01,
Pempirical¼0.30) samples. This SNP was not associated with
ND in either of the EA samples. Although there is some
evidence that this SNP acts recessively with respect to ND
risk (Saccone et al, 2007), assuming a recessive model for
the minor allele did not yield evidence for association in any
of the samples. An adjacent CHRNA5 SNP, rs615470, was
nominally associated with ND in the EA families (OR¼ 0.74,
P¼ 0.03).

Cocaine Dependence

Rs16969968 was nominally associated with lifetime CD in
the combined group of EA and AA families (OR¼ 0.78,
P¼ 0.04), thus replicating a previous finding (Grucza et al,

Table 2 Baseline Characteristics of the Family and Case–Control
Samples

Variable
African-American European-American

Family
(N¼2116)

CC
(N¼ 1912)

Family
(N¼1705)

CC
(N¼1476)

Mean age (SD) 40.7 (7.5) 40.7 (9.9) 38.0 (11.2) 38.2 (10.8)

Male (%) 52 54 53 57

OD/control (N) 311/721 349/1519 480/306 624/807

CD/control (N) 874/147 1273/587 595/176 790/615

ND/control (N) 644/401 1014/879 584/229 834/622

AD/control (N) 462/375 1061/611 394/217 740/463

Two SD diagnoses (N) 355 439 194 310

Three SD diagnoses (N) 311 431 267 275

Four SD diagnoses (N) 110 117 167 69

Abbreviations: AD, alcohol dependence; CC, case control; CD, cocaine
dependence; ND, nicotine dependence; OD, opioid dependence; SD, substance
dependence
Overall numbers reflect the number of family members recruited to the study;
case and control numbers reflect the number of participants with non-missing
genotype and phenotype data.
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2008). However, the pattern of association is opposite that
observed with ND in the same groups (Table 3), which was
also the case in the previous study (Grucza et al, 2008).
Nominally significant associations were also observed for
CHRNA5 SNPs, rs621849 (OR¼ 0.82, P¼ 0.01) and rs615470
(OR¼ 0.84, P¼ 0.02), in the AA case–control group.
One SNP in the gene, rs684513 (OR¼ 1.43, P¼ 0.0004,
Pempirical¼ 0.01), was significant at the experiment-wide
0.05 level, and was also the smallest P-value observed for
any phenotype in any sample. In the EA families, CD was
nominally associated with two CHRNA3 SNPs, rs12914385
(OR¼ 0.64, P¼ 0.004, Pempirical¼ 0.19) and rs8040868
(OR¼ 0.66, P¼ 0.008, Pempirical¼ 0.31).

Opioid Dependence

We observed a nominally significant association between
rs16969968 and lifetime OD in the AA case–control sample
(OR¼ 1.45, P¼ 0.03) and in the combined sample of AA
and EA families (OR¼ 1.25, P¼ 0.03). In addition, OD was
significantly associated with rs615470 and rs2869546 in the
EA families (Table 3) and with rs684513 and rs3743078 in
the AA case–controls (Table 4). The FBAT analyses yielded
two nominally significant results for OD in white families:
one SNP in CHRNA5 (rs686513) and one SNP in CHRNA3
(rs578776), both at P¼ 0.02.

Haplotype Association

Three haplotypes were more strongly associated with one
of the four dependence traits than the individual SNPs
within the haplotype. In the EA family sample, a haplotype
comprised of rs3841324 and rs684513 (block 1 in Figure 1)
was associated with OD using a global test (P¼ 0.03),
whereas the individual SNPs in the haplotype were not
associated with the trait. In the AA case–control sample,
there were two haplotype associations with global P-values
o0.01. A haplotype comprised of rs615470 and rs578776
was associated with AD (P¼ 0.005), and another haplotype
containing rs621849 and rs16969968 was associated with
OD (P¼ 0.008). The single SNP association between
rs16969968 and OD was nominally significant (P¼ 0.03),
whereas rs621849 was not associated with OD. Table 5
shows the haplotypes that were significantly associated with
one of the dependence phenotypes.

Independence of Genetic Risk Factors

As many subjects in our sample were dependent on multiple
substances, we tested whether the SNPs associated with
multiple outcomes were independent risk factors or whether
the multiple association signals were the result of correlated
phenotypes. Several markers were associated with multiple
addictions in at least one sample, including rs648513 (AD
and CD), rs16969968 (ND, OD, and AD), and rs615470 (ND,

Figure 1 Linkage disequilibrium in the CHRN cluster in European-American families.
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CD, OD, and AD). Although the associations of rs684513
with CD (P¼ 0.004) and OD (P¼ 0.02) remained significant
after adjustment for the other two outcomes in the AA case–
control sample, the association with AD was not significant
after adjustment for OD and CD, indicating that the
observed effects were not substance specific. The associa-
tions of rs16969968 with each of the dependence diagnoses
in the AA families seemed to be independent because the
P-values were unchanged or increased in significance for
each of the three traits after adjustment for the other two
(ND¼ 0.001, CD¼ 0.04, and OD¼ 0.02). Finally, for the
analysis of rs615470, we combined the family and case–
control samples, as the association signals for the individual
diagnoses were observed in various data sets (see Tables 2
and 3). In the total sample with adjustment for race, this
SNP was associated with AD after adjustment for all other
traits (P¼ 0.01), though it was not associated with any of
the other traits after adjusting for comorbid dependence
diagnoses.

DISCUSSION

Consensus is emerging within the field of addiction genetics
that at least two (Saccone et al, 2009) and possibly three
(Wang et al, 2008; Wang et al, 2009) distinct loci in the
CHRNA5/A3/B4 cluster contribute to risk, although smok-
ing phenotypes and lung cancer have received the most
thorough analysis. Two of the SNPs that tag these loci,

rs16969968 and rs578776, were genotyped in this sample,
and rs621849 is a proxy for a SNP (rs588765) which is also
associated with AD (Wang et al, 2008). Our study samples
provided a unique opportunity to test these SNPs for
association with multiple dependence phenotypes and in
people with multiple dependence diagnoses. We found
associations between SNPs in the CHRNA5/A3/B4 gene
cluster on chromosome 15 and four substance dependence
phenotypes in large samples from two different populations.
The two most significant results were observed in the AA
case–control sample: rs684513, with the minor allele more
common in CD cases (OR¼ 1.43, P¼ 0.0004, Pempirical¼
0.01), and rs615470, with the minor allele less common in
AD cases (OR¼ 0.77, P¼ 0.0006, Pempirical¼ 0.02). Other
associations that we report replicate previous findings.
First, rs16969968 was nominally associated with CD, OD,
and ND in various samples, and the directions of the
association are consistent with those observed in other
studies (Bierut et al, 2007; Saccone et al, 2007; Sherva et al,
2008; Bierut et al, 2008; Grucza et al, 2008; Beutler et al.,
2001). The MAF in our AA sample is slightly higher than in
previous studies, which may explain why the association
with ND was evident here. We did not observe an
association between ND and this SNP in EAs. The primary
differences between this sample and previous EA samples in
which this SNP was associated with ND is the prevalence of
multiple substance dependence diagnoses and not nicotine
dependence per se, and the makeup of the comparison
group, which in some previous studies was defined as

Figure 2 Linkage disequilibrium in the CHRN cluster in African-American families.
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Table 3 Associations Between CHRN SNPs and Dependence Phenotypes in Families

SNP GENE POS (BP)
Min

(AA/EA)
MAF
AA

MAF
EA Class

Alcohol dependence Cocaine dependence Opioid dependence Nicotine dependence

AA
(N¼ 757)

EA
(N¼ 706)

AA
(N¼ 929)

EA
(N¼ 667)

AA
(N¼939)

EA
(N¼667)

AA
(N¼ 951)

EA
(N¼ 700)

OR P OR P OR P OR P OR P OR P OR P OR P

rs3841324 CHRNA5 76644868 A 0.23 0.35 In/Del 0.85 0.19 1.56 0.004 1.08 0.65 1.06 0.67 1.15 0.22 0.88 0.32 1.06 0.62 0.99 0.94

rs684513 CHRNA5 76645455 G 0.18 0.25 Intron 1.04 0.79 0.64 0.004 1.02 0.91 1.09 0.64 0.89 0.38 1.26 0.11 0.84 0.16 1.06 0.71

rs621849 CHRNA5 76659916 G 0.44 0.38 Intron 0.93 0.49 1.33 0.05 1.10 0.51 1.05 0.74 0.90 0.32 0.83 0.14 1.00 0.96 0.88 0.32

rs637137 CHRNA5 76661031 A 0.28 0.28 Intron 1.03 0.83 0.82 0.21 0.86 0.37 1.30 0.12 0.95 0.61 1.24 0.12 0.91 0.36 1.13 0.43

rs951266 CHRNA5 76665596 A 0.10 0.34 Intron 1.45 0.02 0.97 0.87 0.68 0.08 0.79 0.13 1.11 0.49 1.06 0.67 1.09 0.57 1.10 0.52

rs17408276 CHRNA5 76668673 C 0.13 0.32 Intron 0.99 0.97 1.43 0.03 1.18 0.47 1.18 0.32 1.14 0.39 0.78 0.08 0.87 0.35 0.84 0.22

rs16969968 CHRNA5 76669980 A 0.06 0.33 Non-syn 1.17 0.42 0.86 0.31 0.72 0.21 0.76 0.06 1.28 0.18 1.04 0.77 1.78 0.002 1.12 0.39

rs615470 CHRNA5 76673043 T 0.43 0.33 30 UTR 1.01 0.90 1.17 0.32 1.10 0.50 1.24 0.18 1.06 0.61 0.75 0.03 0.89 0.24 0.74 0.03

rs578776 CHRNA3 76675455 G/A 0.48 0.33 30 UTR 0.97 0.76 0.93 0.63 1.06 0.72 1.09 0.61 0.97 0.76 1.22 0.13 0.99 0.95 1.11 0.46

rs6495307 CHRNA3 76677376 T 0.44 0.36 Intron 0.98 0.84 1.24 0.14 1.14 0.35 0.98 0.85 1.02 0.89 0.80 0.08 0.91 0.31 0.81 0.10

rs1051730 CHRNA3 76681394 A 0.10 0.32 Syn-coding 1.28 0.13 0.92 0.54 0.75 0.18 0.79 0.10 1.21 0.21 1.10 0.48 1.20 0.22 1.12 0.41

rs3743078 CHRNA3 76681814 G/C 0.43 0.31 Intron 1.19 0.11 0.82 0.16 0.91 0.53 1.32 0.10 0.98 0.87 1.35 0.03 1.01 0.91 1.14 0.37

rs12914385 CHRNA3 76685778 T 0.21 0.37 Intron 1.10 0.49 0.92 0.57 0.85 0.33 0.64 0.004 1.07 0.59 1.05 0.71 1.21 0.11 1.13 0.37

rs2869546 CHRNA3 76694400 C 0.39 0.34 Intron 0.92 0.45 1.22 0.19 1.24 0.15 1.10 0.53 1.02 0.89 0.77 0.05 0.93 0.45 0.82 0.15

rs3743075 CHRNA3 76696507 T 0.47 0.33 Syn-coding 0.90 0.34 1.32 0.08 1.30 0.06 1.16 0.37 0.98 0.84 0.78 0.07 0.95 0.61 0.85 0.25

rs8040868 CHRNA3 76698236 C 0.32 0.39 Syn-coding 1.08 0.49 0.91 0.52 0.92 0.57 0.66 0.008 1.15 0.18 1.05 0.73 1.11 0.27 1.07 0.63

rs6495309 CHRNA3 76702300 T 0.25 0.26 30 UTR 0.95 0.69 0.87 0.38 0.93 0.68 1.39 0.06 0.98 0.82 1.14 0.34 0.93 0.49 0.98 0.88

rs1948 CHRNB4 76704454 A 0.23 0.29 30 UTR 1.00 1.00 1.27 0.13 1.09 0.65 0.91 0.51 1.11 0.42 0.84 0.19 0.89 0.33 0.93 0.61

rs12441088 CHRNB4 76715319 G 0.32 0.24 Intron 0.92 0.55 0.74 0.12 0.91 0.67 1.12 0.56 1.25 0.12 1.03 0.86 0.90 0.38 0.79 0.19

rs3813567 CHRNB4 76721606 G 0.21 0.23 Upstream 0.89 0.41 0.85 0.31 0.76 0.16 1.09 0.61 1.18 0.22 1.05 0.72 1.05 0.66 0.91 0.56

rs11637890 CHRNB4 76722474 G 0.15 0.34 Upstream 1.21 0.23 1.40 0.03 1.14 0.53 1.10 0.51 1.30 0.04 0.95 0.67 1.06 0.67 0.96 0.79

Abbreviations: AA, African American; EA, European American; MAF, minor allele frequency; Min, minor allele; OR, odds ratio for each additional copy of the minor allele.
P indicates raw P-value, no associations were significant at the 5% level based empirical simulations and N indicates the total number of subjects contributing to each analysis.
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Table 4 Associations Between CHRN SNPs and Dependence Phenotypes in the Case–Control Sample

SNP GENE POS (BP)
Min

(AA/EA)
MAF
AA

MAF
EA

Alcohol dependence Cocaine dependence Opioid dependence Nicotine dependence

AA
(N¼1537)

EA
(N¼ 1016)

AA
(N¼1708)

EA
(N¼ 1186)

AA
(N¼1721)

EA
(N¼ 1210)

AA
(N¼ 1745)

EA
(N¼1232)

OR P Pemp OR P Pemp OR P Pemp OR P Pemp OR P Pemp OR P Pemp OR P Pemp OR P Pemp

rs3841324 CHRNA5 76644868 A 0.21 0.37 0.78 0.03 0.28 0.87 0.34 0.94 0.87 0.25 0.99 0.96 0.88 1 0.93 0.43 1 1.03 0.41 1 0.95 0.70 1 1.02 0.55 1

rs684513 CHRNA5 76645455 G 0.20 0.24 1.24 0.04 0.63 1.15 0.32 0.99 1.43 0.002 0.01 1.03 0.47 1 0.79 0.04 0.83 1.08 0.16 1 1.07 0.65 1 1.00 0.72 1

rs621849 CHRNA5 76659916 G 0.43 0.39 0.80 0.007 0.14 0.92 0.46 0.99 0.82 0.02 0.30 1.00 0.86 1 1.10 0.25 1 1.07 0.39 0.99 0.88 0.08 0.83 1.03 0.59 1

rs16969968 CHRNA5 76669980 A 0.06 0.34 0.99 0.763 1 0.98 0.74 1 1.14 0.54 1 0.98 0.61 1 1.45 0.23 0.64 0.90 0.08 0.98 1.43 0.02 0.30 1.06 0.93 1

rs615470 CHRNA5 76673043 T 0.39 0.35 0.77 0.0004 0.02 0.85 0.22 0.93 0.84 0.04 0.51 0.90 0.37 0.99 1.00 0.69 1 0.99 0.98 1 0.89 0.11 0.96 0.95 0.96 1

rs578776 CHRNA3 76675455 G/A 0.45 0.31 0.78 0.002 0.03 1.17 0.13 0.96 0.89 0.20 0.99 1.09 0.28 0.99 1.13 0.24 0.99 1.17 0.02 0.81 0.98 0.80 1 0.98 0.78 1

rs6495307 CHRNA3 76677376 T 0.41 0.39 0.82 0.01 0.30 0.82 0.11 0.65 0.87 0.19 0.93 0.87 0.23 0.94 1.01 0.69 1 0.97 0.94 1 0.94 0.53 1 0.93 0.80 1

rs1051730 CHRNA3 76681394 A 0.11 0.35 1.05 0.49 1 1.02 0.82 1 0.98 0.66 1 0.97 0.41 1 1.17 0.64 1 0.86 0.02 0.65 1.15 0.20 1 1.07 0.78 1

rs3743078 CHRNA3 76681814 G/C 0.41 0.27 0.79 0.006 0.07 1.13 0.11 0.99 0.86 0.07 0.88 1.02 0.64 1 1.25 0.04 0.30 1.12 0.11 0.99 0.96 0.70 1 0.92 0.65 1

rs12914385 CHRNA3 76685778 T 0.18 0.38 0.98 0.9631 1 1.02 0.83 1 0.99 0.84 1 0.98 0.58 1 1.00 0.56 1 0.91 0.13 0.99 1.22 0.05 0.51 1.13 0.37 0.93

rs2869546 CHRNA3 76694400 C 0.38 0.36 0.82 0.009 0.30 0.80 0.09 0.58 0.96 0.60 1 0.91 0.45 0.99 0.89 0.31 1 0.98 0.89 1 0.94 0.35 1 0.95 0.78 1

rs8040868 CHRNA3 76698236 C 0.34 0.41 1.07 0.33 1 1.09 0.76 0.99 0.94 0.56 1 1.01 0.67 1 1.06 0.97 1 0.91 0.09 0.99 1.00 0.94 1 1.09 0.54 0.99

rs11637890 CHRNB4 76722474 G 0.15 0.35 0.85 0.24 0.99 0.92 0.25 1 0.91 0.93 1 0.96 0.61 1 1.20 0.10 0.99 1.06 0.41 1 0.91 0.91 1 1.03 0.66 1

Abbreviations: AA, African American; EA, European American; MAF, minor allele frequency; Min, minor allele; P, Raw P-value; Pemp, Empirical P-value based on 1000 null simulations; OR, odds ratio for each additional
copy of the minor allele.
Values with an experiment-wide significance less than 0.05 are in bold.
N indicates the total number of subjects contributing to each analysis.
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nicotine-exposed but not dependent. There are a large
number of subjects dependent on both nicotine and cocaine
(N¼ 449 in the families and N¼ 634 in the case–controls),
and ND and CD are highly correlated (r¼ 0.5) in the EA
case–controls. It is possible that the number of EA subjects
dependent on both substances limited our ability to detect
association with either. For example, the protective effect of
a low-risk allele for ND (which is a high-risk allele for CD)
might be obscured by the reinforcing effect of nicotine on
cocaine-induced DA overflow. The SNP was not associated
with ND in EA families or case–controls without CD,
although only 125 related and 639 unrelated individuals
contributed to the results, yielding most power to detect an
association. Finally, this variant had a relatively small effect
on risk in earlier reports, and therefore chance can
influence whether or not effects are detected in individual
samples.

An increasing body of evidence suggests that rs16969968
is associated with multiple substance dependence pheno-
types (Bierut et al, 2007; Saccone et al, 2007; Sherva et al,
2008; Bierut et al, 2008; Grucza et al, 2008; Wang et al,
2008), though the mechanism by which minor alleles can
protect against ND while increasing risk of CD and AD
remains to be determined. One potential biological ex-
planation for these effects is based on reduced receptor
function due to the polymorphism differentially impacting
the mechanisms through which nicotine and cocaine alter
the mesolimbic dopaminergic system (Grucza et al, 2008).
We also observed a weak association between ND and
rs1051730, which was associated with smoking quantity in
an Icelandic sample (Thorgeirsson et al, 2008). We did not
find an association between this SNP and daily cigarette
consumption in either data set. Although we failed to
replicate the association between the minor allele of
rs578776 and reduced ND risk (Bierut et al, 2008), this
SNP allele was associated with reduced risk of AD in EAs.
The observed associations between AD and both rs3841324
and rs621849 have also been reported previously (Wang
et al, 2008).

The differences in the results observed across population
groups, coupled with the fact that rates of use and
dependence on each substance studied here vary by popu-
lation (http://archives.drugabuse.gov/pdf/minorities03.pdf),
are consistent with what is already known about the
importance of both genetic and environmental factors in
substance dependence. The allele frequencies of all but three
of the 21 SNPs differ significantly by population, and 12 of
these were nominally associated with at least one of the
phenotypes. The different patterns of association and allele
frequencies suggest that at least part of the population
differences in susceptibility to substance dependence is

genetic. The haplotypic association results do not support
the idea that the same CHRN risk alleles existing on
different genetic backgrounds explain the population
differences observed in the single SNP analyses. The
inclusion of participants reporting Hispanic identification
should be noted, as the allele frequencies of SNPs in this
cluster have been shown to differ in Hispanics compared
with AAs and EAs (Schlaepfer et al, 2008), which we also
observed in these data. Although we adjusted for Hispanic
descent within the AA and EA analysis groups, we also
performed the association tests within larger population
groups after excluding Hispanics to test for any residual
confounding. In general, the strength of the association
signals improved after excluding Hispanics. In these
analyses, we observed association between rs16969968 and
ND in AA families (OR¼ 1.62, P¼ 0.01) and also with CD in
EA families (OR¼ 0.66, P¼ 0.01). None of the association
findings discussed disappeared after excluding Hispanics,
indicating that their inclusion did not result in positive
confounding. As a second test to limit the potential for
confounding, we performed the association tests with study
site as a covariate. Although study site was a significant
predictor of the dependence phenotypes (to varying degrees
in population and sample subgroups) because of the
intended recruitment at each site, the association results
did not change substantially (data not shown).

Our results should be interpreted in light of several study
limitations. The substance-dependent cases studied here
were ascertained from treatment settings and through
advertisements, and had high rates of comorbid dependence
diagnoses. Although the controls from the case–control
sample were largely recruited through advertisements, the
family-based controls, while not dependent on the sub-
stance of interest, came from families in which addiction
was prevalent. This is reflected in the fact that for every trait
except OD, cases outnumbered controls, often by a
substantial margin. In addition, the control group for each
individual dependence trait contained individuals who were
dependent on other substances, which may have masked
some associations; on the other hand, positive associations
observed in this context likely reflect specific associations
with the substance considered, as opposed to general SD
risk alleles. Thus, we expect substantial enrichment for
addiction-related alleles, especially in the families. To
address this issue, we conducted analyses in which cases
for each substance were compared with a control group that
was not dependent on any of the substances of interest
(N¼ 309 AA, 287 EA). This was only practical in the case–
control sample because of the small number of ‘clean’
controls in the families. These analyses showed many of the
same associations seen in the primary analyses (data not

Table 5 Nicotinic Receptor Haplotypes Associated with Substance Dependence Traits

SNPs Alleles (Freq case/control) Sample Phenotype P-value (global/haplotype)

rs3841324, rs684513 A–C (0.22/0.26) EA families OD 0.03/0.01

rs615470, rs578776 C–A (0.51/0.57) AA case–control AD 0.005/0.001

rs621849, rs16969968 A–A (0.05/0.08) AA case–control OD 0.008/0.01

Alleles shown represent the haplotype with the strongest effect on the trait of interest and the haplotype frequency in cases and controls.
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shown), although the significance of the associations was
diminished, probably because of the smaller informative
sample size. These analyses suggest that our use of control
groups dependent on different substances than the one of
interest did not mask association signals, with the caveat
that they had lower power than the primary analyses.

Other caveats to the interpretation of these results include
the paucity of significant P-values on the basis of our
simulation-based multiple test correction and the reduction
in power to detect significant effects when compared with
subjects with no substance dependence. The strengths of
this study include the inclusion of discovery and replication
samples from two populations, standardized phenotyping of
dependence traits and constituent symptoms, excellent SNP
coverage of the nicotinic receptor cluster on chromosome
15, and a robust, empirical measurement of the significance
of the results.

CONCLUSIONS

These data support the importance of variants in the
CHRNA5/A3/B4 gene cluster as mediators of the genetic risk
for substance dependence. In addition to replicating
previous associations of rs16969968 with ND and CD, these
data provide additional evidence that SNPs in the cluster are
associated with AD, and extend these findings to AAs. As a
whole, more associations were observed in AAs, indicating
that these genes may be more important risk factors in this
population, at least in persons ascertained through treat-
ment facilities and advertisements that target substance-
dependent individuals. Alternatively, this observation could
be due to the larger effective sample size of AAs than EAs in
this study. Numerous findings of SNPs associated with
multiple phenotypes suggest that the gene cluster is partially
responsible for the shared genetic risk across multiple
substances.
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