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Abstract
Genetic association studies have demonstrated the importance of variants in the CHRNA5-CHRNA3-
CHRNB4 cholinergic nicotinic receptor subunit gene cluster on chromosome 15q24-25.1 in risk for
nicotine dependence, smoking, and lung cancer in populations of European descent. We have now
carried out a detailed study of this region using dense genotyping in both European- and African-
Americans.

We genotyped 75 known single-nucleotide-polymorphisms (SNPs) and one sequencing-discovered
SNP in an African-American (AA) sample (N = 710) and European-American (EA) sample (N =
2062). Cases were nicotine-dependent and controls were non-dependent smokers.

The non-synonymous CHRNA5 SNP rs16969968 is the most significant SNP associated with nicotine
dependence in the full sample of 2772 subjects (p = 4.49×10−8, OR 1.42 (1.25–1.61)) as well as in
AAs only (p = 0.015, OR = 2.04 (1.15–3.62)) and EAs only (p = 4.14×10−7, OR = 1.40 (1.23–1.59)).
Other SNPs that have been shown to affect mRNA levels of CHRNA5 in EAs are associated with
nicotine dependence in AAs but not in EAs. The CHRNA3 SNP rs578776, which has low correlation
with rs16969968, is associated with nicotine dependence in EAs but not in AAs. Less common SNPs
(frequency ≤ 5%) also are associated with nicotine dependence.
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In summary, multiple variants in this gene cluster contribute to nicotine dependence risk, and some
are also associated with functional effects on CHRNA5. The non-synonymous SNP rs16969968, a
known risk variant in European-descent populations, is also significantly associated with risk in
African-Americans. Additional SNPs contribute in distinct ways to risk in these two populations.
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INTRODUCTION
Cigarette smoking is a major public health problem and the single largest cause of preventable
death in the world, contributing to over 5 million deaths a year [1]. In the United States, smoking
causes approximately 443,000 deaths each year including an estimated 82% of lung cancer
deaths [2].

Cigarette smoking is common in European-Americans and African-Americans, with similar
prevalence of current smoking among adults: 21.4% (95% confidence interval 20.4–22.4) in
European-Americans and 19.8% (19.2–21.4) in African-Americans [3]. In past-month
smokers, rates of current nicotine dependence, defined by the Fagerstrom Test for Nicotine
Dependence (FTND) [4], are also similar though slightly lower in African-Americans: 57.3%
(55.1–59.5) versus 61.7% (61.0–62.4) in European-Americans [5]. Despite these similarities,
African-Americans have a higher incidence of lung cancer than European-Americans (82.7
per 100,000 versus 64.3 per 100,000) and higher lung cancer mortality (64.1 per 100,000 versus
54.1 per 100,000) [6]. Many issues may contribute to these differences in lung cancer, including
discrepancies in quit rates and disparities in medical care [7,8]. Genetic factors such as
differences in allele frequencies and linkage disequilibrium (LD) also may play a role.

We previously carried out a high-density whole-genome and candidate gene association study
of nicotine dependence in a European-descent sample [9,10]. Among the top association signals
were chromosome 15q24-25.1 variants, including a biologically compelling finding at
rs16969968, a nonsynonymous SNP in the alpha5 cholinergic nicotinic receptor subunit gene
(CHRNA5) [10]. The risk allele at rs16969968 causes an amino acid change (D398N, aspartate
to asparagine) in the alpha5 subunit and functional changes in the receptor in vitro [11].
Independent replication of this association with nicotine dependence or smoking has now been
confirmed in multiple populations of European descent, using rs16969968 or SNPs highly
correlated (r2 ≥ 0.8) with rs16969968 [11–19]. Fine-mapping in our original sample continued
to highlight rs16969968 and other highly correlated SNPs, which extend across CHRNA5-
CHRNA3-CHRNB4 and into neighboring genes IREB2, PSMA4 and LOC123688 [20].

Also in this region, a locus tagged by rs578776 and rs3743078 is significantly associated with
nicotine dependence and smoking in European-descent samples [10,12,14,16]. This locus has
been described as protective because the minor allele is more frequent in controls than in cases.
There is evidence that this locus is statistically distinct from rs16969968: in two independent
European-ancestry samples the correlation between rs578776 and rs16969968 is low (r2 = 0.2),
with D′ = −1.0 indicating repulsion phase (the minor allele at one locus co-occurs with the
major allele at the other), and both SNPs are significant in joint analyses [14,20].

Genome-wide studies of lung cancer report strong association with rs16969968 and its r2

correlates [16,21–23]. The locus tagged by rs578776 is also associated with lung cancer. Thus
there has been a convergence of genetic findings for nicotine dependence and for lung cancer.
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The association studies cited above were carried out in European-descent samples. Studying
this region in individuals of African descent provides an opportunity to confirm its role in an
important and understudied population. Also, the contrasting genetic architecture in Africans
and Europeans can be leveraged to narrow down the potential functional source of the disease
associations [24]. In the European ancestry population, many highly correlated SNPs often can
detect the same association signal, and determining which variant(s) are “causal” is not
straightforward. LD and allele frequencies can differ between European and African
populations. For instance, in HapMap, rs16969968 is non-polymorphic in the YRI (Yoruba in
Ibadan, Nigeria) sample; for rs3743078, the minor allele in YRI (“C”, 33%) is the major allele
(77%) in CEU (CEPH, Utah residents with ancestry from northern and western Europe) [25].

Here we present an association study of nicotine dependence across the CHRNA5-CHRNA3-
CHRNB4 region in a new African-American (AA) sample and an expanded European-
American (EA) sample. We also analyze novel variants discovered from DNA resequencing
of EAs in a 26 kb region between CHRNA5 and CHRNA3. Our goal is to determine whether
any variants consistently affect nicotine dependence risk in both EAs and AAs. Additionally,
we are interested in evidence of variants that affect risk in the AA sample alone.

MATERIALS AND METHODS
Study design and sample

All individuals (N = 2772) were recruited by the Collaborative Genetic Study of Nicotine
Dependence (COGEND), a United States multi-site project. All cases and controls reported
smoking ≥100 cigarettes lifetime, the threshold classically used to define a smoker [26]. In
recruitment of new subjects, cases were nicotine dependent, defined by current FTND≥4, and
controls were required to have lifetime FTND of 0 or 1. The AA genetic sample in COGEND
consists of 461 cases and 249controls. The EA genetic sample of 1063cases and 999 controls
consists of 454 new subjects (266 cases, 188 controls) together with 1608 original COGEND
EA individuals previously analyzed in [9,10] (797cases (FTND≥4), 811 controls (FTND=0)).

The study complies with the Code of Ethics of the World Medical Association and obtained
informed consent from participants and approval from the appropriate institutional review
boards.

Genotyping and quality control
Thirty-three SNPs covering the CHRNA5-CHRNA3-CHRNB4 region were genotyped in the
additional subjects by the Genome Center at Washington University1. These SNPs were
genotyped using Illumina GoldenGate assay as part of a set of 1536 SNPs that included SNPs
for checking population stratification and SNPs to follow up several genomic regions. Cleaning
was performed using all 1536 SNPs. Four DNA samples had poor call rates (≤63% of the 1536
SNPs) and were dropped. All remaining DNA samples had call rates above 90% and were
retained; 99.5% of DNA samples had call rates ≥95%. Twenty samples were included in
duplicate. SNPs with more than 1 non-concordant duplicate sample genotype were dropped;
the 33 SNPs reported here were 100% concordant. SNPs were also required to pass a call rate
threshold of 98%. Self-reported race was verified using EIGENSTRAT [27]. An additional 42
SNPs were genotyped using Sequenom MassArray iPLEX technology2. These SNPs passed
a call rate threshold of 95%. Map positions were obtained from the National Center for
Biotechnology Information (NCBI) Human Reference Build 36.2 and dbSNP build 129.

1http://genome.wustl.edu/services/microarray.cgi
2www.sequenom.com
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These 75 SNPs were selected to include the same SNPs used to cover this region in our previous
publications [9,10,20]. Forty-nine of the genotyped SNPs lie between 76642961 bp and
76722642 bp, encompassing CHRNA5-CHRNA3-CHRNB4 and the 2kb flanking either side
(5′ of CHRNA5 and 5′ of CHRNB4), matching the dbSNP definition of in or near a gene. These
SNPs provide good coverage of the 72 SNPs in this region that are common (minor allele
frequency (MAF) ≥ 0.05) in either the HapMap CEU or YRI samples. Of the 61 SNPs that
have MAF ≥ 5% in CEU, 54 (93%) are tagged by at least one genotyped SNP at an r2 ≥ 0.8
according to CEU LD data; all 61 are tagged at an r2 ≥ 0.5. Of the 65 SNPs in this region that
have MAF ≥ 5% in YRI, 46 (71%) are tagged at an r2 ≥ 0.8 in the YRI LD data; 60 (92%) are
tagged at an r2 ≥ 0.5 (HapMap release 23a). Twenty-six additional SNPs flanking the cluster
or in IREB2, LOC123688, and PSMA4 were included because of the high r2 extending from
CHRNA5-CHRNA3-CHRNB4.

Genotype data were then combined for this new sample and the previously genotyped sample
of 1608 EAs. Allele correspondence was checked. All association analyses are reported using
the major allele in the EA sample as the reference allele.

DNA Resequencing in the CHRNA5 and CHRNA3 intergenic region
Human CHRNA3 and CHRNA5 are physically linked and partially overlap tail-to-tail [28]. We
targeted a 26-kb region spanning exon 5 of CHRNA5 to exon 4 of CHRNA3 and sequenced 10
cases and 12 controls of European descent. The goal was to identify novel variants, genotype
them in the larger sample, and test them for association with nicotine dependence.

Sequencing was performed at the Genome Center at Washington University using standard
protocols3. We used Sequencher (Gene Codes, Ann Arbor, Michigan) to assemble and scan
sequence traces for variation from the reference sequence. Novel variants were genotyped using
Sequenom MassArray iPLEX technology.

Linkage disequilibrium
LD was calculated in EAs and AAs using PLINK [29] and Haploview [30]. LD (r2) plots were
generated using WGAviewer4 [31].

Genetic association analyses
Association analysis of case-control status was performed on the entire sample using logistic
regression with gender and race as covariates. This analysis highlights SNPs that have similar
effect in both EAs and AAs. The full genetic model is:

(Equation 1)

where P is the probability of being a case, g is gender (0=male, 1=female), s is race (0=EA,
1=AA), and G is genotype, coded as the number of copies of the minor allele in the EA sample,
corresponding to a log-additive (multiplicative) model. The term β3G is tested for significance
by the standard likelihood chi-square with one degree of freedom. We then analyzed AAs and
EAs separately with gender as a covariate. Association tests were carried out using PLINK
[29] and SAS (Cary, NC).

3http://genome.wustl.edu/activity/med_seq/protocols.cgi
4http://people.genome.duke.edu/~dg48/WGAViewer/
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Cross-population heterogeneity analysis
Heterogeneity of odds ratio between EAs and AAs was tested by adding the interaction term
β4Gs to Equation 1 [24]. This test is of interest for SNPs that are associated with disease in at
least one population. If the interaction term is significant (e.g. p ≤ 0.05, unadjusted for multiple
tests), we conclude the genetic effect is different in the two population samples.

A significant difference in odds ratio may occur because the genetic effect is present in only
one of the two populations. In this case, one interpretationis that this SNP is not biologically
causal, though in the associated population it may tag the functional SNP. This interpretation
is based on the hypothesis that the underlying biological processes leading to disease risk are
shared in common across human populations [32].

RESULTS
Genetic association analyses

Supplementary Table 1 shows the allele frequencies of the 75 known SNPs and one novel SNP
from our SNP discovery project, in the EA and AA samples; selected SNPs, including those
most associated with nicotine dependence in each sample, are in Table 1. Sixty-three SNPs
show significant allele frequency differences between EAs and AAs. Nevertheless, for most
SNPs the minor allele is the same in both populations; notable exceptions are rs578776 and
rs3743078, which are known to be associated with nicotine dependence in European-
Americans.

Table 2 shows association results for the Table 1 SNPs; Supplementary Table 2 shows all 76
SNPs. The most significant SNP in the combined sample is the non-synonymous CHRNA5
SNP rs16969968 (p = 4.49×10−8, OR = 1.42 (95% CI 1.25–1.61)). Furthermore, rs16969968
is the most significant of the 76 SNPs in the AAs alone (p = 0.0147, OR = 2.04 (1.15–3.62))
and in the EAs alone(p = 4.14×10−7, OR = 1.40 (1.23–1.59)). The same allele (A) is elevated
in EA and AA cases. Additional SNPs correlated with rs16969968 in EAs and AAs are also
significant.

In European-descent samples, a locus distinct from rs16969968, tagged by rs578776, has been
consistently associated with nicotine dependence [10,14]. In the full sample, rs578776 is
significantly associated (p = 7.09×10−5, OR = 0.79 (0.70–0.88)) and is the most strongly
associated of the correlated SNPs representing this “protective” locus. However, this
association is driven by the EA sample (p =3.21×10−6, OR = 0.72 (0.62–0.82)); in the AA
sample, rs578776 is not associated (p = 0.96, OR = 1.01 (0.80–1.26)). This contrasts with the
agreement between EA and AA association results for rs16969968.

In the AA sample, the most significant SNP that confers a protective effect is rs555018 in
CHRNA5 (p = 0.045, OR = 0.79 (0.63–0.99)). This SNP is not correlated with rs16969968 in
AAs (r2 = 0.02), though |D′| = 1. It is highly correlated with rs588765, which has been shown
to affect expression of CHRNA5 in EAs [33,34] (r2 = 0.99 in our AA sample and 0.999 in EAs).
Therefore the evidence for association between rs588765 and nicotine dependence in AAs is
similar (p = 0.055, OR = 0.80 (0.63–1.00)) to that found for rs555018. In contrast, neither
rs555018 nor rs588765 is associated with nicotine dependence in the EAs.

Finally, a non-synonymous variant rs12914008 in CHRNB4, though rare in EAs (4.5%) and
virtually non-polymorphic in AAs (0.6%), is nominally associated with nicotine dependence
in EAs (p = 0.035, OR = 0.73 (95% CI 0.54–0.97)). Although this SNP is too rare for a
meaningful test in AAs alone, the odds ratio is consistent in the two groups, and combining
AAs and EAs improves the association evidence slightly (p = 0.022, OR = 0.71 (0.53–0.95)).
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DNA Resequencing in the CHRNA5 and CHRNA3 intergenic region
We detected 29 novel variants. Seven of these have also been reported by other groups while
we were validating our sequencing results. While many of these were rare (MAF≤5%), ten had
MAF ≥ 10% based on the 44 chromosomes. We genotyped these novel variants in the original
1608 EAs. Eleven were polymorphic in this larger sample and passed quality control (per-SNP
call rate ≥ 0.96 and Hardy-Weinberg p ≥ 0.05).

Table 3 shows association results for these 11 SNPs. Three SNPs were highly correlated with
already genotyped SNPs (r2 > 0.9) and did not provide new information. The most significant
novel SNP, GSC3-26, had a relatively strong odds ratio of 0.67 (0.50–0.89) and an r2 ≤ 0.25
with previously genotyped SNPs, though |D′| was often high (e.g. r2 = 0.23, |D′| = 1.0 with
rs3743078).

We therefore genotyped GSC3_26 in the remaining EAs and AAs (Tables 1 and 2). GSC3_26
is relatively uncommon (MAF of 0.062 in EAs and 0.014 in AAs). In the combined sample
with race and gender as covariates, p = 0.032, OR = 0.76 (0.59–0.97).

LD and cross-population heterogeneity
Figure 1 displays EA and AA results and r2 for all 76 SNPs. The LD results confirm that the
most significantly associated SNPs in the full sample are highly correlated with rs16969968
in EAs (r2 ranging from 0.68 to 1.00). These SNPs all have OR > 1. In AAs, the LD is reduced
(r2 from 0.11 to 0.73). The next group of significantly associated SNPs, which have OR < 1,
are highly correlated with rs578776 in EAs.

Three SNPs are of particular interest from the single-SNP association results: rs16969968
(associated in both EAs and AAs); rs555018 (associated in AAs only), and rs578776
(associated in EAs only). Among them, r2 is low to moderate; |D′| is higher. For rs16969968
and rs555018, r2 is 0.39 and |D′| = 0.99 in EAs, while r2 = 0.024 and |D′| = 1 in AAs. For
rs16969968 and rs578776, r2 = 0.20 and |D′| = 1 in EAs; r2 = 0.07 and |D′| = 1 in AAs. For
rs555018 and rs578776, r2 = 0.075 and |D′| = 0.52 in EAs; r2 = 0.43 and |D′| = 0.90 in AAs.

Fourteen SNPs demonstrate significantly different odds ratios in EAs versus AAs (Table 2 and
Supplementary Table 2, last column), including rs578776, which represents the “protective”
finding in EAs. All other SNPs displaying significant heterogeneity are at least moderately
correlated with rs578776 in EAs (r2 ranges from 0.39 to 0.76) and are nominally associated (p
< 0.05) in EAs with OR < 1. The correlation is sharply reduced in AAs (r2 from 0.001 to 0.40).
This difference in LD may explain the lack of association for these SNPs in AAs and suggests
that the functional variant driving the signal is in LD with these SNPs in EAs.

Notably, at rs16969968 the AA and EA odds ratios are notsignificantly different (heterogeneity
p = 0.24).

Multilocus analyses
rs555018 and rs16969968—The association between rs555018 and nicotine dependence
in AAs is intriguing because this SNP is one of a group of highly correlated SNPs that are
associated with CHRNA5 mRNA levels in EAs [33,34]. However, in EAs, rs555018 and
correlates such as rs588765 are not associated with nicotine dependence. To further investigate
these differing results at these potentially functional SNPs, we carried out multilocus analyses
to account for the established effects of rs16969968.

First, we tested rs555018 in EAs after controlling for rs16969968 (coded additively) as a
covariate in the logistic regression. The goal was to determine if rs555018, which shows no
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main-effect association in EAs, might be associated after adjusting for rs16969968. After
accounting for rs16969968, rs555018 has p-value 0.044, OR = 1.18 (1.01–1.39); rs588765 has
p-value 0.038, OR = 1.19 (1.01–1.40). The odds ratios in EAs at these the expression-associated
SNPs have opposite direction to those in AAs.

This contrast in the direction of effect is clarified by joint analyses of rs16969968 with
rs555018, using the genotype that is homozygous for both major alleles as the reference (Table
4). In the presence of “GG” at rs16969968, having 1 or two copies of the minor “C” allele at
rs555018 increases risk in EAs, but confers protection in AAs (Table 4, top row in each panel).
For rs16969968, we see a consistent direction of effect of the “A” risk allele in EAs and AAs,
regardless of genotype at rs555018.

We also tested each SNP within the one available homozygous genotype group of the other.
The test cannot be performed in the second homozygous group because there is essentially
only one genotype present at the other locus (|D′|>0.99; see also Table 4). In AAs, rs555018
remains significant (p= 0.046, OR = 0.78 (0.61–1.00)) when tested within the 622 “GG”
homozygotes at rs16969968; within the 350 rs555018 “TT” homozygotes, rs16969968 has p
= 0.22, OR = 1.51 (0.78–2.94). In EAs, rs555018 has p = 0.12 (OR= 1.17 (0.96–1.44)) in the
871 rs16969968 “GGs”, and rs16969968 has p = 2.08 × 10−6, OR = 1.73 (1.38–2.17) in the
683 rs555018 “TTs”.

rs578776 and rs16969968—Both rs16969968 and rs578776 show strong association with
nicotine dependence in European-descent populations. There is debate about whether these
associations are independent or whether they reflect a single finding.

To explore this question in EAs, we tested for association of rs578776 after controlling for
rs16969968 (coded additively). Rs578776 remains significant (p-value 0.0055, OR = 0.80
(0.68–0.94)). We also tested for the effect of one locus in homozygotes of the other. Because
|D′| is high, this test can be carried out in only the “GG” genotype at rs16969968 or the “CC”
genotype at rs578776. In both cases, the second SNP remains significant in EAs. Among “GGs”
at rs16969968, rs578776 has p = 0.018, OR = 0.79 (0.65–0.96)); among “CCs” at rs578776,
rs16969968 has p = 0.0039, OR = 1.29 (1.09–1.54)).

DISCUSSION AND CONCLUSIONS
This study contributes several new findings about genetic risk for nicotine dependence. The
CHRNA5-CHRNA3-CHRNB4 region clearly plays a role in nicotine dependence risk not only
in European-Americans but also in African-Americans, and our evidence suggests that multiple
variants are involved.

First, rs16969968, which causes an amino acid change in CHRNA5 and is clearly implicated
in risk for nicotine dependence and lung cancer in individuals of European descent, is also
significantly associated with nicotine dependence in African-Americans. This SNP is the most
important one to test first: it is highly replicated, and in vitro studies demonstrate that α4β2α5
nicotinic receptors with the risk variant at rs16969968 exhibit lower maximal response to a
nicotinic agonist than receptors with the other allele [11].

This replication, in African-Americans, of the rs16969968 association adds crucial information
because of the different LD and population history for African-Americans, and because of the
much lower allele frequency of rs16969968 in this population. The allele “A” at rs16969968
is rare in African-Americans, with a frequency of 5% (6% in cases, 3% in controls), compared
to 35% in European-Americans (39% in cases, 31% in controls), and it is not present in the
HapMap YRI. Nonetheless, it is a risk factor in our sample of African descent. The odds ratio
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is 2.04 (1.15–3.62) in African-Americans and 1.40 (1.23–1.59) in European-Americans. These
confidence intervals overlap, and the ORs are not significantly different in the two populations
(heterogeneity p = 0.24). Thus the “A” allele at rs16969968 is a consistent risk factor in both
populations. Furthermore, in each group rs16969968 is the most significant and has the highest
odds ratio.

This chromosome 15q24-25.1 region also harbors SNPs that are correlated with each other and
associated with brain mRNA levels of CHRNA5 in European-descent samples ([33,34]). Our
second major finding is that in African-Americans, these expression-associated SNPs are
associated with nicotine dependence. The evidence is nominally significant (p = 0.045, OR =
0.79 (0.63–0.99) for rs555018) in our modestly powered African-American sample. It is
intriguing that in European-Americans, single-SNP association at rs555018 is not seen;
however, when rs16969968 is included as a covariate, rs555018 does significantly alter risk.
Joint genotype analysis clarifies that in the presence of “GG” at rs16969968, the major allele
“T” at rs555018 appears to confer protection in European-Americans; however in African-
Americans the minor allele “C” at rs555018 is the one more frequent in controls. These
contrasting effects are difficult to interpret, but suggest that mRNA levels of CHRNA5, and
thus nicotine dependence risk, may be influenced by additional variants in the region.

The two findings – one at rs16969968 and one at expression-associated SNPs such as rs588765
- have the appealing property of being at least LD proxies for functional effects [11,33,34], if
not the functional SNPs themselves. It is plausible that these SNPs are responsible for two
biological mechanisms affecting nicotine dependence risk: a coding change at CHRNA5 to
asparagine (regardless of mRNA level) at rs16969968, and altered brain mRNA expression of
the common (aspartate) form of CHRNA5, tagged by rs588765.

Our third important result involves rs578776 and its correlates. These SNPs represent an
established association in European-descent populations that has only low correlation with
rs16969968 (r2 < 0.25) and whose minor allele is elevated in controls. In our sample, rs578776
is associated with nicotine dependence in European-Americans as expected, but is not
associated in African-Americans. Furthermore, we detect significant heterogeneity in the odds
ratios for rs578776 and some correlates (p ~ 0.01). These results suggest that those SNPs are
not the biologically causal variants explaining the statistical association. Recently, rs6495309
and other SNPs correlated with rs578776 in HapMap CEU but not in HapMap JPT and CHB
[35] were associated with lung cancer and smoking in a Chinese population [36].

Our next key observation is that less common SNPs appear to be associated with nicotine
dependence, suggesting that rarer variants in this gene cluster may have strong effects on
susceptibility. In European-Americans, rs12914008 (MAF = 5%) is associated with nicotine
dependence (p = 0.035, OR = 0.73 (0.54–0.97)). In the African-American sample, this SNP is
very rare (0.6%) and affords little power to detect association, though in the combined analysis
the evidence improves (p = 0.022, OR = 0.71 (0.53–0.95)). This SNP causes a missense change
in CHRNB4 (threonine to isoleucine, T91I) and is also in LD (r2 = 0.8 in CEU) with rs8192475,
a non-synonymous SNP in CHRNA3 (arginine to histidine, R37H). We also identified a novel
SNP that is nominally associated with nicotine dependence in the full sample and has a
frequency of 6% in European-Americans and 1% in African-Americans. These rarer variants
are intriguing. Though we cannot conclude that these SNPs represent additional independent
risk factors, they hint that this region may play a more complex biological role in risk for
nicotine dependence than will be explained by common variants.

A major question is whether the multiple SNP associations between CHRNA5-CHRNA3-
CHRNB4 and nicotine dependence represent the effect of a single causal locus, or whether
multiple, statistically distinct loci are involved. Our data lead us to believe that there are at
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least two distinct, biologically causal loci in this region. In our analyses, the association at
rs578776 in European-Americans is not explained by the association at rs16969968. Similarly,
the association at rs555018 in African-Americans is not completely explained by rs16969968.
The high |D′| between the seloci, however, does not allow us to determine the effect of each
locus in the presence of all possible genotypes at other loci.

Rs16969968 is non-synonymous, functional, and a strong candidate to be a causal allele. It
remains unclear what biologically causal variant might explain a potential “second” distinct
locus, and we are unable to fully exclude the possibility that a single causal variant underlies
all observed signals. Interestingly, our evidence for multiple common nicotine dependence risk
alleles in the same gene region is similar to other recent examples of multiple independent loci
for other common diseases [37,38].

At the majority of SNPs examined, allele frequencies differ significantly between European-
Americans and African-Americans. Therefore it is important to study associated variants that
appear to be less common because of their potential to be higher frequency in certain geographic
or racial groups, and therefore of higher impact on a population level.

Our results argue for further examination of this gene cluster, including DNA sequencing and
variant discovery, especially in subjects of African descent. Such studies may reveal additional
variants that affect nicotine dependence risk or CHRNA5 mRNA expression, and thereby
further explain some of the observed contrasts between the two populations.

In summary, rs16969968 represents a risk locus for nicotine dependence in African-Americans
as well as in European-Americans. We have evidence of a potentially complex role for gene-
expression-associated SNPs such as rs555018 and rs588765 in the two populations. The
“protective” association at rs578776 and its correlates is seen in European-Americans but not
in African-Americans. Less common variants such as the novel SNP in the CHRNA5-
CHRNA3 overlapping region also are associated with risk. Overall, multiple variants in this
gene cluster are contributing to nicotine dependence risk and therefore to risk for diseases for
which smoking is a major contributing factor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Association results and r2 on chromosome 15q24-25.1 for the EA and AA samples.
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Table 4

Joint analysis of rs16969968 and rs555018.*

EA sample rs555018

rs16969968 TT CT CC

GG 42/63
1.00 (ref)

188/211
1.33 (0.86–2.07)

182/185
1.48 (0.95–2.29)

AG 157/161
1.46 (0.93–2.29)

317/280
1.70 (1.11–2.59)

3/0
--

AA 171/89
2.88 (1.81–4.60)

1/0
--

0/0
--

AA sample rs555018

rs16969968 TT CT CC

GG 199/100
1.00 (ref)

155/101
0.77 (0.55–1.09)

37/30
0.62 (0.36–1.06)

AG 37/13
1.43 (0.73–2.81)

18/3
3.02 (0.87–10.48)

0/0
--

AA 1/0
--

0/0
--

0/0
--

*
The first line of each cell indicates the number of cases and controls with the specific genotype combination; the second line indicates the odds ratio

and 95% CI when GG/TT for rs16969968/rs555018 is the reference genotype.
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