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Abstract
Several previous genome-wide and targeted association studies revealed that variants in the
CHRNA5-CHRNA3-CHRNB4 (CHRNA5/A3/B4) gene cluster on chromosome 15 that encode the
α5, α3 and β4 subunits of the nicotinic acetylcholine receptor (nAChRs) are associated with
nicotine dependence (ND) in European Americans (EAs) or others of European origin.
Considering the distinct linkage disequilibrium patterns in European and other ethnic populations
such as African Americans (AAs), it would be interesting to determine whether such associations
exist in other ethnic populations. We performed a comprehensive association and interaction
analysis of the CHRNA5/A3/B4 cluster in two ethnic samples to investigate the role of variants in
the risk for ND, which was assessed by Smoking Quantity, Heaviness Smoking Index, and
Fagerström test for ND. Using a family-based association test, we found a nominal association of
single nucleotide polymorphisms (SNPs) rs1317286 and rs8040868 in CHRNA3 with ND in the
AA and combined AA and EA samples. Furthermore, we found that several haplotypes in
CHRNA5 and CHRNA3 are nominally associated with ND in AA, EA, and pooled samples.
However, none of these associations remained significant after correction for multiple testing. In
addition, we performed interaction analysis of SNPs within the CHRNA5/A3/B4 cluster using the
pedigree-based generalized multifactor dimensionality reduction method and found significant
interactions within CHRNA3 and among the three subunit genes in the AA and pooled samples.
Together, these results indicate that variants within CHRNA3 and among CHRNA5, CHRNA3, and
CHRNB4 contribute significantly to the etiology of ND through gene-gene interactions, although
the association of each subunit gene with ND is weak in both the AA and EA samples.
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Introduction
Cigarette smoking is the most preventable cause of morbidity and death, resulting in more
than 438,000 deaths in the United States in 2000 and approximately $193 billion in health-
related economic losses (Mokdad and others 2004). Over the past four decades, cigarette
smoking has caused an estimated 12 million deaths, including 4.1 million from cancers, 5.5
million from cardiovascular diseases, 2.1 million from respiratory diseases, and 94,000
infant deaths attributable to maternal smoking during pregnancy
(www.cdc.gov/nccdphp/publications/aag/osh.htm.). Although cigarette smoke contains
many noxious compounds, including carbon monoxide, acetaldehyde, and tobacco-specific
nitrosamines, it is nicotine dependence (ND) that maintains the continued use of tobacco
(Stolerman and Jarvis 1995; USDHHS 2000; WHO 2002). Twin and family studies reveal
that genetics contributes significantly to ND, with an estimated mean heritability of 0.56 in
adult smokers (Li and others 2003).

The psychopharmacologic effects of nicotine are mediated primarily by functionally diverse
neuronal nicotinic acetylcholine receptors (nAChRs), a family of ligand-gated ion channels
widely distributed in the brain (Gaimarri and others 2007; Picciotto and others 2000;
Watkins and others 2000). These nAChRs are involved in numerous physiological functions
both in the brain and in the periphery as well (Gotti and Clementi 2004). To date, 12
neuronal nAChR subunits have been identified, consisting of nine α (α2-α10) and three β
(β2-β4) subunits. The human genes for all of these subunits except α8 have been cloned
(Graham and others 2002). The 11 nAChR subunit genes are located on chromosomes 1, 4,
8, 11, 15, and 20. Of these, CHRNA5, CHRNA3, and CHRNB4 are grouped in a cluster on
chromosome 15q24 (Raimondi and others 1992), in which CHRNA3 and CHRNA5 are
located in a tail-to-tail configuration on opposite DNA strands and share some of their 3′-
untranslated region (Duga and others 2001). Similarly, CHRNB3 and CHRNA6 are grouped
in a cluster on chromosome 8p11. The clustered arrangement of CHRNA5/A3/B4 and
CHRNB3/A6 could be related to control of the expression of these genes (Flora and others
2000; Xu and others 2006).

Several subunit genes have been investigated for association with ND and other smoking-
related behaviors in human subjects [for reviews, see (Lessov-Schlaggar and others 2008; Li
and Burmeister 2009)]. In a recent study, Saccone et al. (2007) reported associations of
multiple single nucleotide polymorphisms (SNPs) in the CHRNA5/A3/B4 cluster with ND.
However, the significance of these results did not survive correction for multiple testing.
More recently, several genome-wide and candidate gene-based association studies provided
further evidence for the association of variants of the CHRNA5/A3/B4 gene cluster with
various nicotine-related behaviors (Berrettini and others 2008; Bierut and others 2008; Chen
and others 2009; Greenbaum and others 2006; Saccone and others 2007; Schlaepfer and
others 2008; Sherva and others 2008; Weiss and others 2008). In contrast, other studies have
failed to reveal a significant association of this gene cluster with ND or other smoking-
related phenotypes (Uhl and others 2008; Vink and others 2009).

Considering that the participants in these studies were primarily European Americans (EAs)
or of European origin, and given the distinct differences in linkage disequilibrium (LD)
patterns across ethnic populations, it remains unknown whether this gene cluster plays a role
in the etiology of ND in other ethnic groups. The current study was designed to examine this
possibility among a relatively large sample of African Americans (AAs) in comparison with
EAs.
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Materials and Methods
Participants and ND measures

Participants were recruited primarily from the Mid-South states of Tennessee, Mississippi,
and Arkansas during 1999-2004. Extensive clinical and medical data were collected on each
participant, including demographics (e.g., sex, age, race, biological relationships, weight,
height, years of education, and marital status), medical history, smoking history and current
smoking behavior, ND, and other relevant personal characteristics. The enrollment criteria
for proband smokers were: 1) at least 21 years old, 2) smoker for at least five years, 3)
consumer of an average of 20 cigarettes per day during the last 12 months, and 4) free of a
self-reported history of diagnosis of any serious mental disorder; e.g., schizophrenia or other
psychosis, bipolar disorder, or cognitive disorder (such as dementia or Alzheimer’s disease).
Once a proband was recruited, siblings and parents were invited to join the study whenever
possible. All participants provided informed consent; the study protocol and forms/
procedures were approved by all participating Institutional Review Boards.

The ND of each smoker was ascertained by three of the measures used most commonly in
tobacco research: Smoking Quantity (SQ; defined as the number of cigarettes smoked per
day), the Heaviness of Smoking Index (HSI; 0-6 scale), and the Fagerström Test for ND
score (FTND; 0-10 scale) (Heatherton and others 1991). The SQ provides a simple,
quantified index of consumption (using a 0–3 point compressed format), whereas HSI
includes one item addressing SQ and another assessing smoking urgency on awakening. The
FTND score includes the HSI plus other indicators of behavioral propensity to smoke under
various circumstances. Given the presence of overlap in the content of the three ND
measures, there exist fairly robust correlations among them (r = 0.88 ~ 0.94) in both the AA
and EA samples. The primary reasons for employing all three measures were that there is a
lack of consensus regarding the best approach to assess ND as a phenotype and to permit
maximum cross-referencing with previous studies of ND.

The participants were 1366 individuals from 402 AA families and 671 individuals from 200
EA families. The average age was 39.4 ± 14.4 (SD) years for the AA and 40.5 ± 15.5 years
for the EA participants. The average nuclear family size was 3.14 ± 0.75 for AAs and 3.17 ±
0.69 for EAs. There were 1053 and 515 smokers in the AA and EA, samples, respectively,
whereas all the rest had smoked fewer than 100 cigarettes in their lifetimes. The average
HSI and FTND scores for smokers were 3.7 ± 1.4 and 6.26 ± 2.15, respectively for AAs and
3.9 ± 1.4 and 6.33 ± 2.22 for EAs. Age of smoking onset was 17.3 ± 4.7 (mean ± SD; years)
and 15.5 ± 4.4, for the AA and EA samples, respectively. Years smoked were 20.4 ± 12.5
(mean ± SD) and 23.2 ± 13.5 for the AA and EA samples, respectively. The average number
of cigarettes smoked per day was 19.4 ± 13.3 for AA smokers and 19.5 ± 13.4 for EA
smokers. Detailed demographic and clinical characteristics of the two samples have been
reported elsewhere (Li and others 2005; Li and others 2008b; Li and others 2006)

DNA samples, SNP selection, and SNP genotyping
DNA was isolated from the blood of each participant using a DNA Maxi kit from Qiagen,
Inc. (Valencia, CA). A total of 22 SNPs, with 7 from CHRNA5, 11 from CHRNA3, and 4
from CHRNB4, were selected from either published papers (Berrettini and others 2008;
Saccone and others 2007) or the NCBI SNP database
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=snp) on the basis of the potential
biological functions of the gene, high heterozygosity with a minor allele frequency (MAF) >
0.15, and association analysis results from other studies (Berrettini and others 2008; Saccone
and others 2007), as well as an attempt to obtain uniform coverage of the gene/region.
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Detailed information about these SNPs (alleles, physical position, allele frequency, and
primer/probe information from ABI) is summarized in Table 1.

All SNPs were genotyped using the TaqMan assay in a 384-well microplate format (Applied
Biosystems Inc., Foster City, CA). Briefly, 15 ng of DNA was amplified in a total volume of
7 μl containing an MGB probe and 2.5 μl of TaqMan universal PCR master mix. The
amplification conditions were 2 min at 50°C and 10 min at 95°C followed by 40 cycles of
95°C for 25 sec and 60°C for 1 min. Allelic discrimination analysis was performed on the
ABI Prism 7900HT Sequence Detection System. To ensure the quality of the genotyping,
eight positive and negative control DNA samples were added to each 384-well reaction
plate.

Association analysis
The PedCheck program (O’Connell and Weeks 1998) was used to detect any genotyping
inconsistencies. To avoid potential bias, the 41 inconsistencies in the AA sample and 24 in
the EA sample, detected in approximately 46,200 assays (i.e., 0.14% genotyping error) for
22 SNPs across all DNA samples, were excluded from statistical analysis. Pair-wise linkage
LD between all possible SNP pairs was assessed using the Haploview (v. 4.0) program
(Barrett and others 2005) with the option of determining haplotype blocks according to the
definitions proposed by Gabriel et al. (2002). Associations between individual SNPs and the
three ND measures were determined with the PBAT (v. 3.5) program using generalized
estimating equations (Lange and others 2003). Associations between each ND measure and
haplotypes from various SNP combinations were calculated using the FBAT (v. 1.7.3)
program with the option of computing the P value of the Z statistic using Monte Carlo
sampling under the null distribution of no linkage and no association (Horvath and others
2004). Three genetic models (additive, dominant, and recessive) were tested for both
individual and multi-locus SNPs (i.e., haplotypes). For all PBAT and FBAT association
tests, sex and age were used as covariates in the EA and AA samples and sex, age, and
ethnicity as covariates in the combined sample. All significant associations were corrected
for multiple testing according to the SNP spectral decomposition approach (SNPSpD)
(Nyholt 2004) for individual SNP analysis and using Bonferroni correction by dividing the
significance level by the number of major haplotypes (> 5.0% in frequency) for haplotype-
based association analysis.

Interaction analysis of variants in CHRNA5/A3/B4 cluster
Gene–gene interactions of SNPs in the CHRNA5/A3/B4 cluster were analyzed using a newly
developed pedigree-based generalized multifactor dimensionality reduction (PGMDR)
method (Lou and others 2008). As with the previous association analyses, age and sex were
included as covariates for the EA and AA samples and age, sex, and ethnicity as covariates
in the pooled sample. Gene–gene interactions were examined for all two- to seven-locus
models. The top-ranked interaction model was chosen for a given order interaction, and its P
value of prediction accuracy (PA) was evaluated by a permutation test based on 10,000
shuffles of the adjusted phenotypic values. Because all P values reported here were based on
permutation tests of each given interaction model, no correction was needed. On the other
hand, we considered a P value of 0.0083 (i.e., 0.05/6) as an experiment-wide corrected one
at the 0.05 significance level given that our gene–gene interaction analyses considered six
interactive models for each sample. For detailed information on the PGMDR approach,
please refer to the paper by Lou et al. (2008).

Power analysis
Power analysis for single-locus main effects as well as two-locus interactive effects was
performed using the Quanto program (version 1.2.4; http://hydra.usc.edu/gxe/).
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Results
Individual SNP-based association analysis

We evaluated 22 SNPs in the CHRNA5/A3/B4 cluster in two independent ethnic samples.
Association of individual SNPs with the three ND measures was determined with the PBAT-
GEE program (Lange and others 2003), and the results are shown in Table 2. For CHRNA3,
we found marginal associations for rs1317286 with SQ and HSI (P = 0.02 and 0.05,
respectively) and of rs8040868 with SQ (P = 0.019) in the combined sample. These findings
were not significant after correction for multiple testing. As for CHRNA5 and CHRNB4, no
significant association was detected for any individual SNP.

We found substantial differences between the EA and AA samples in the allele frequencies
for several SNPs (Table 2). The presence of these allele frequency discrepancies suggests
genetic differences underlying ND. To eliminate any potential effect of ethnic differences on
our association results, we performed independent association analyses within the individual
samples. For the AA sample, rs8040868 within CHRNA3 was significantly associated with
all three adjusted ND measures (P = 0.017 to 0.039); however, no association remained
significant after correction for multiple testing. No significant association with ND was
detected for any individual SNP in the three genes.

Haplotype block structure and LD analysis
The pair-wise D’ values of 22 SNPs for the three genes in a total of 77 kb of nucleotide
sequence were determined using the Haploview program (Barrett and others 2005). On the
basis of the block definition proposed by Gabriel et al. (2002), we found four blocks within
the gene cluster in the AA, EA, and pooled samples (Figure 1). One block of 4.0 kb
containing rs12441088 and rs3813567 in CHRNB4 was observed for the three samples;
three other blocks differed across the AA and EA samples, indicating the presence of
different genetic architectures.

Haplotype-based association analysis
Using the FBAT program, we performed haplotype-based association analysis for all
possible haplotypes in consecutive three-SNP combinations for the three ND measures. In
the combined sample, we found a major haplotype, T-A-C, formed by SNPs rs17408276,
rs16969968, and rs615470 in CHRNA5 at a frequency of 14%, that was significantly
associated with SQ (P = 0.018) and HSI (P = 0.019) under the additive model (Table 3). We
also found three major haplotypes in CHRNA3, G-C-T (11%; formed by rs1317286,
rs12914385, and rs2869546), C-G-C (34%; formed by rs6495308, rs3743075, and
rs8040868), and A-T-T (36%; formed by rs3743075, rs8040868, and rs6495309), which
showed significant association with at least two of the three ND measures (P = 0.016 ~
0.047; Table 3). However, none of these associations remained significant after correction
for multiple testing of major haplotypes.

In the AA sample, we found two major haplotypes in CHRNA3, with the first, G-C-T,
formed by rs1317286-rs12914385-rs2869546, at a frequency of 14% showing significant
associations with all the three ND measures (P = 0.016 ~ 0.043); and a second one, T-C-G,
formed by rs2869546-rs6495308-rs3743075, at a frequency of 41%, revealing a significant
association with SQ (P = 0.041; Table 4). Again, none of these associations remained
significant after correction for multiple testing.

Regarding the EA sample, we also found two haplotypes each in CHRNA5 and CHRNA3
that showed significant associations with HSI (P = 0.031~0.038) or FTND (P =
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0.035~0.041) or both. None of these associations remained significant after correction for
multiple testing.

Interaction analysis of CHRNA5/A3/B4 gene cluster
With the PGMDR method, we analyzed interactions for all possible combinations of two to
seven SNPs within the CHRNA5/A3/B4 cluster. Table 6 shows the best interactive model for
three ND measures in the AA and pooled samples. In the AA sample, we found the best
interaction model for three loci (i.e., rs578776, rs3743078, and rs1317286 in CHRNA3) with
a P value of 0.045 for HSI and 0.003 for FTND. For the four-locus model (i.e., rs684513
and rs615470 in CHRNA5; rs1317286 in CHRNA3; rs12441088 in CHRNB4), P values of
0.002 for SQ, 0.016 for HSI, and 0.041 for FTND were identified. Finally, for the six-locus
model (i.e., rs684513 and rs621849 in CHRNA5; rs578776, rs1317286, and rs12914385 in
CHRNA3; rs12441088 in CHRNB4), P values of 0.005 for SQ, 0.003 for HSI, and 0.044 for
FTND were noted. All three models remained significant at the experiment-wide level for at
least one ND measure.

For the pooled sample, we identified two interactive models. The first consisted of two
SNPs (rs3743078 and rs1317286) in CHRNA3, and the second consisted of SNPs rs621849
in CHRNA5, rs3743078 in CHRNA3, and rs11637890 in CHRNB4. However, neither model
remained significant at the experiment-wide level after correction. We performed an
identical interaction analysis on the EA sample, but no significant interactive model
emerged.

Discussion
In the current study, we examined the genetic associations and interactions between
variations in the CHRNA5/A3/B4 gene cluster and ND in two independent samples.
Individual SNP-based association analyses revealed that rs8040868 in CHRNA3 was
significantly associated with all the ND measures in the AA sample and with SQ in the
combined sample, whereas rs1317286 revealed relationships with SQ and HSI in the
combined sample. We also performed haplotype-based association analyses on all SNPs
using a sliding window approach. In the CHRNA3 gene, one common haplotype (G-C-T) for
SNPs rs1317286-rs12914385-rs2869546 in the combined and AA samples showed a
significant positive association with ND. Moreover, we found haplotypes C-G-C/T, formed
by rs6495308, rs3743075, and rs8040868, and A/G-T-T, formed by rs3743075, rs8040868,
and rs6495309 in CHRNA5, to have a marginal association with ND in the combined and
EA samples. Haplotype T-A-C, formed by rs17408276-rs16969968-rs615470 in CHRNA5,
was significantly associated with SQ and HSI in the combined sample and only HSI in the
EA sample, whereas the allelic T-G-C of this haplotype showed an inverse association with
HSI in the EA sample. Although all the aforementioned haplotypes contain one or two SNPs
of rs16969968, rs1317286, rs6495308, and rs8040868 that were found to have significant
associations with ND in previous reports (Berrettini and others 2008; Saccone and others
2007), none of these associations remained significant in the present study after Bonferroni
correction. Considering the fact that these subunit genes must assemble together in order to
form functional nAChRs, we performed gene–gene interaction analysis on all SNPs in the
gene cluster and found the three best interactive models in the AA sample and two in the
pooled samples; only those for the AA sample remained significant at the experiment-wide
level.

Recently, three independent genome-wide association studies (GWAS) provided strong
evidence for associations between the variants of the CHRNA5/A3/B4 cluster and lung
cancer (Amos and others 2008; Hung and others 2008; Liu and others 2008; McKay and
others 2008; Thorgeirsson and others 2008; Wang and others 2008). Regarding the
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association of this gene cluster with ND, the results are less clear. One study (Thorgeirsson
and others 2008) revealed a significant association of rs1051730 within CHRNA3 with
smoking quantity (P = 5.0 × 10−16) in approximately 11,000 Icelandic smokers, whereas
another study (Amos and others 2008) reported weak evidence of an association of SNPs
rs1051730 and rs8034191 with smoking behavior in former but not current smokers. The
third study (Hung and others 2008) found no association of SNPs 8034191 and rs16969968
with smoking dependence. Several other studies provide additional independent evidence
pertaining to the association of variants of this gene cluster with ND. For example, Saccone
et al. (2007) first reported significant associations of CHRNA5/A3/B4 cluster variants with
ND in a large-scale candidate gene-based case-control study of 1050 cases and 879 controls
of European ancestry where cases were defined as individuals with an FTND score of ≥ 4
and controls were individuals who smoked at least 100 cigarettes over a lifetime but had an
FTND score of 0. Their results indicated rs16699968 (P = 0.0006), a nonsynonymous
coding SNP in exon 5 of CHRNA5, and rs578776 (P = 0.0003) in the 3′-UTR of CHRNA3
showed the strongest associations. In another independent GWAS study, Berrettini et al.
(2008) identified two other SNPs in CHRNA3 (rs1317286 and rs6495308) associated with
cigarettes per day (CPD; P = 0.000003 and 0.00007, respectively) in three independent
European samples, although none of the individual SNPs remained statistically significant
after correction for multiple testing at the genome-wide level. Most recently, a candidate
gene-based study (Weiss and others 2008) revealed a significant association of the variants
in this cluster with degree of ND in participants of European origin who began daily
smoking at or before the age of 16, but not among those who began daily smoking later,
suggesting the association between the CHRNA5/A3/B4 region and ND is dependent on
developmental stage.

There is no question that significant progress has been made in identifying the CHRNA5/A3/
B4 cluster as a susceptibility locus for smoking and lung cancer. However, several important
issues remain to be addressed. First, it is important to determine which variant(s) is
responsible for the associations with ND and lung cancer. Within this region, rs1051730 has
been associated with both ND (Saccone and others 2007; Thorgeirsson and others 2008;
Weiss and others 2008) and lung cancer (Amos and others 2008; Hung and others 2008;
Thorgeirsson and others 2008) whereas rs8034191 is associated primarily with lung cancer
(Amos and others 2008; Hung and others 2008). In addition, several other SNPs, such as
rs16969968, rs1317286, and rs6495308, are associated with ND. Of these, rs16969968 is
most noteworthy because it represents a nonsynonymous α5 coding variant (e.g., aspartic
acid to asparagine at position 398 of the polypeptide chain), resulting in a substitution of a
negatively charged residue within the M3–M4 intracellular loop, a region thought to be
involved in receptor trafficking. A recent function study (Bierut and others 2008) showed
that the variant forms of the α5 subunit alter receptor function without affecting expression.
In consideration of the extensive LD within this region, a resequencing effort is needed to
address this issue. Second, it is necessary to determine if the CHRNA5/A3/B4 cluster also
plays a significant role in the etiology of ND and lung cancer in other ethnic populations,
such as those with Asian, African, and Hispanic origins, given that most participants to date
have been of European descent, the current study being a notable exception. From
information from International HapMap project and from the current study, we know LD
structures differ greatly across ethnicities. Thus, it is important to determine if the
association between this region and both lung cancer and ND exists, and whether the same
or different functional variants are responsible (Briollais and others 2007).

More research is needed to determine which smoking-related characteristics are associated
with the cluster. For example, ND was measured by SQ or SQ levels in the studies reported
by Berrettini et al. (2008) and Thorgeirssone et al. (2008), whereas the study reported by
Sacconne et al. (2007) focused on searching for susceptibility genes responsible for the
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transition from non-dependent to dependent smoking. On the other hand, Weiss et al. (2008)
found a significant association of the same cluster with ND only in subjects who began daily
smoking at or before the age of 16. Considering these findings in light of several published
and unpublished studies that reveal no or weak evidence for the association of this cluster
with ND (Vink and others 2009), additional research is needed to investigate the role of the
cluster in a variety of smoking phenotypes. For example, it was recently reported that no
association exists between this cluster and either smoking initiation or smoking cessation
(Hung and others 2008; Thorgeirsson and others 2008; Uhl and others 2008).

Although the association of the CHRNA5/A3/B4 cluster with ND has received much
attention recently, other nAChR subunit genes may play significant roles in the etiology of
ND as well. For example, significant associations with various SNPs in CHRNA4 have been
detected in at least three independent studies (Feng and others 2004; Hutchison and others
2007; Li and others 2005). Although no significant association of ND with CHRNB2 has
been found in four independent studies (Feng and others 2004; Li and others 2005; Lueders
and others 2002; Silverman and others 2000), recent research revealed that rs2072658 and
rs2072661 in the 3′-UTR of CHRNB2 are associated with a reduced risk of smoking
initiation, greater ability to quit smoking, and diminished early response to nicotine (Conti
and others 2008; Ehringer and others 2007). Very recently, we showed a significant
interaction between variants of CHRNA4 and CHRNB2 in affecting ND, concluding that
CHRNB2 has a significant effect on ND when analyzed in interaction with CHRNA4. A
smaller study in schizophrenic smokers suggested that CHRNA7 may be associated with
smoking status (De Luca and others 2004), although the relevance of this finding to the
general population of smokers is unknown. Variants in CHRNB1, CHRNB3, and CHRM1
(the second type of acetylcholine receptor found in both the brain and the periphery) also are
associated with ND (Bierut and others 2007; Lou and others 2006). Greenbaum et al. (2006)
reported a nominally significant association of ND and related behaviors with CHRNA7 and
CHRNB2 in a relatively small sample.

Interactions among genetic loci are being appreciated increasingly in complex human
diseases (Jung and others 2009). Recent examples of diseases or conditions associated with
gene–gene interaction include coronary artery disease (Tsai and others 2007), type 2
diabetes (Qi and others 2007), Alzheimer’s disease (Fontalba and others 2009),
schizophrenia (Gupta and others 2009), breast cancer (Briollais and others 2007), cervical
cancer (Guzman and others 2008), autistic disorder (Ma and others 2009), and smoking
addiction (Li and others 2008a; Tang and others 2009), to name a few. Interactive effects
among genetic loci may exist without a significant main effect of any of them; in such cases,
important genetic effects would have been missed if polymorphisms of such loci had not
been modeled jointly (Jung and others 2009). Furthermore, in many cases, interactive effects
of multiple genetic loci could be larger than the main effects at the individual loci (Robson
and others 2004; Rodriguez and others 2006; Williams and others 2000).

Multifactor Dimensionality Reduction (MDR) is a method of detecting genetic interactions
by exhaustively searching multi-locus combinations (Motsinger-Reif and others 2008;
Ritchie and others 2001). In MDR, k (e.g., k=3) factors and their possible multifactor classes
are represented in k-dimensional space. Each multifactor class in the space is then labeled
‘high risk’ if the cases-to-controls ratio meets or exceeds some threshold, or as ‘low risk’ if
that threshold is not exceeded, thus reducing the k-dimensional space to one dimension with
two levels (‘low risk’ and ‘high risk’) (Moore 2003). The best k-locus model is then
selected, the model is evaluated against the testing group, and testing accuracy is calculated.
The PA is then calculated for the testing set (Motsinger-Reif and others 2008). Pedigree-
based generalized MDR (PGMDR), a new generalized MDR for pedigree data, is a non-
parametric method based on the score of the generalized linear model, which permits
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adjustment for covariates and handling of both dichotomous and quantitative phenotypes
(Lou and others 2008). A key advantage of PGMDR is that the method can handle different
pedigree structures and sizes simultaneously in the presence of various patterns of missing
data. In our study, by using PGMDR, three-locus, four-locus and six-locus interaction
models were detected in the AA sample, and two-locus and three-locus interaction models
were detected in the pooled sample (Table 6). It is intriguing that rs1317286, an SNP in the
CHRNA3, which was associated with both SQ and HSI in the pooled sample, was included
in four of these five best interaction models. Therefore, the interactive effects detected by
PGMDR are potentially valuable, such that they not only lend support to the single-locus
results, but also shed significant light on the joint effects among SNPs in the CHRNA5/A3/
B4 gene cluster, which could be missed in single-locus analysis. Nevertheless, larger and
more rigorous replication studies are necessary to establish such interactions. As pointed by
Milne et al. (2008), replication in additional independent samples of observed gene–gene
interaction is crucial. In particular, caution should be exercised during the replication
because differences of LD between different study populations such as AA and EA may
have important impacts on the detection of high-order gene–gene interactions. Even when
significant interactive effects are observed in a replication study, caution is necessary in
elucidating exactly what constitutes a replicated result and the biological meaning of such
replication. Therefore, ideally, observed gene–gene interactions should not only be
replicated from a statistical perspective but also be validated experimentally from a
biological perspective.

For power calculations with Quanto for main effects, according to two recent studies
(Saccone and others 2009; Schlaepfer and others 2008), the average genotypic relative risk
(GRR) for the chromosome 15 CHRNA5/A3/B4 gene cluster SNPs was about 1.3. In the
current study, rs1317286 in the CHRNA3 gene was associated only with SQ and HSI in
pooled sample. Another SNP in the CHRNA3 gene, rs8040868, is associated only with SQ in
the pooled sample and with all the three adjusted ND phenotypes in the AA sample. The
MAFs for rs1317286 and rs8040868 were 0.300 and 0.364, respectively, in the AA sample
and 0.410 and 0.457, respectively, in the EA sample. To achieve 80% power for detecting
the main effect under the assumption of GRR = 1.3, we would need 1823, 1696 and 1136
case-sibling pairs for MAF = 0.2, 0.30, and 0.40, respectively. Thus, the sample sizes of the
current study, ~ 930 sibpairs in the AA sample, and ~ 330 sibpairs in the EA sample, should
be sufficient for detecting a GRR of 1.3 for an SNP with an MAF of 0.40 for the pooled
sample (~ 1260 sibpairs). It should be remembered that the case-sibling design is used as a
reference for above mentioned power analyses. Because among the 402 AA families, there
were 187, 199, and 16 families with 0, 1, and 2 parents, respectively (Li and others 2006),
and among the 200 EA families, there were 46, 131, and 23 families with 0, 1, and 2 parents
(Li and others 2008b), respectively, our study provides a greater statistical power than a pure
case-sibling design. Given that rs1317286, a SNP in the CHRNA3 gene with a main effect
under the dominant model in the pooled sample was included in four of the five best
interaction models detected by PGMDR, and another SNP, rs3743078 in the CHRNA3 gene,
without a main effect, was detected in three of the five best interaction models, power
calculation with Quanto for detecting interaction between two genetic loci, g and h, was
performed for three sets of parameters: (1) in the absence of main effects for g and h and in
the presence of an interactive effect between g and h (assuming Rg = 1, Rh = 1, and Rgh =
1.5, 2.0, 2.5, and 3.0); (2) in the absence of a main effect for g only, and in the presence of a
main effect for h as well as an interactive effect between g and h (assuming Rg = 1, Rh =
1.25, and Rgh = 1.5, 2.0, 2.5, and 3.0); and (3) in the presence of main effects for g and h, as
well as an interactive effect between g and h (assuming Rg = 1.25, Rh = 1.25, and Rgh = 1.5,
2.0, 2.5, and 3.0) under the dominant model for both loci and the MAF for gene h = 0.30.
The required sample sizes were 717, 754, and 795 for Rgh = 2.0, 436, 464, and 496 for Rgh =
2.5 and 323, 347, and 375 for Rgh = 3.0 under these three respective sets of parameters when
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the MAF of gene g is 0.30. Therefore, our study appears to provide sufficient sample sizes to
detect an Rgh ≥ 2.0 under all three sets of parameters for the AA sample (~ 930 sibpairs) and
the pooled sample (~ 1260 sibpairs), using the case-sibling design as the reference.

In sum, this is the first genetic study aimed at investigating a potential association of the
variants of the CHRNA5/A3/B4 cluster with ND in a sample of AA smokers. Although our
results reveal a relatively weak association of the cluster with ND, we did find significant
interaction among variants of the three subunit genes in affecting ND. As for the EA
population, we did not identify significant interactions of variants in this cluster, although
we found a nominal association of the cluster with ND. The small size of our EA sample
may have contributed, in part, to the weak association.
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Figure 1.
Haploview-generated LD patterns for 22 SNPs within the CHRNA5/A3/B4 cluster in the
pooled (A), AA (B), and EA (C) samples. Pair-wise LD between all SNPs was evaluated
using the Haploview program (Barrett and others 2005) with the option of determining
haplotype blocks according to the criteria defined by Gabriel et al. (2002). The number in
each box represents the D’ value for each SNP pair.
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