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IMMEDIATE COMMUNICATION

o-5/a-3 nicotinic receptor subunit alleles increase risk for
heavy smoking
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Twin studies indicate that additive genetic effects explain most of the variance in nicotine
dependence (ND), a construct emphasizing habitual heavy smoking despite adverse
consequences, tolerance and withdrawal. To detect ND alleles, we assessed cigarettes per
day (CPD) regularly smoked, in two European populations via whole genome association
techniques. In these ~7500 persons, a common haplotype in the CHRNA3-CHRNAJ5 nicotinic
receptor subunit gene cluster was associated with CPD (nominal P=6.9 x 10 °). In a third set of
European populations (n=~7500) which had been genotyped for ~6000 SNPs in ~2000
genes, an allele in the same haplotype was associated with CPD (nominal P=2.6 x 10-°). These
results (in three independent populations of European origin, totaling ~ 15000 individuals)
suggest that a common haplotype in the CHRNA5/CHRNA3 gene cluster on chromosome 15
contains alleles, which predispose to ND.

Molecular Psychiatry (2008) 13, 368—373; doi:10.1038/sj.mp.4002154; published online 29 January 2008

Keywords: cigarette smoking; nicotine dependence; genetic association; nicotinic receptor

subunit; whole genome association

Introduction

If current trends continue, the annual number of
deaths (worldwide) from tobacco-related diseases will
double from 5 million in the year 2000 to 10 million
in 2020." Abundant data from twin and adoption
studies provide evidence for the heritability of
habitual cigarette smoking. Sullivan and Kendler?
reviewed twin data in smoking studies. The twin
studies suggest that a majority of risk for nicotine
dependence (ND) may be attributable to genetic
factors. More recent twin smoking research®™®
suggests that the heritability of ND is even higher.

Lessov et al.® analyzed multiple ND-related pheno-
types in a large twin study. They concluded that the
cigarettes per day (CPD) variable has one of the highest
genetic loadings among ND-related phenotypes. This
phenotype may be a simple measure of tolerance, since
most smokers achieve a level of CPD that would have
been toxic when they initiated smoking.

While many candidate gene and linkage studies
have been published for ND (for review see Li®), many
have not been replicated consistently, due to small
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sample sizes, small effect sizes of single alleles/
haplotypes and genetic heterogeneity. A whole gen-
ome association” and candidate gene study® of ~ 1000
ND cases and ~900 controls of European ancestry
was recently reported. In this study, cases were
defined as individuals with a score of >4 on the
Fagerstrom Test for Nicotine Dependence (FTND?),
while controls were individuals who smoked at least
100 cigarettes over a lifetime, but had a score of 0 on
the FTND. From this perspective, controls are
individuals who were exposed to smoking, but never
became dependent or never engaged in heavy smok-
ing. In the Beirut et al.” study, no SNP was found to be
associated at a statistical level which would account
for searching the entire genome (~10"7), but promis-
ing, biologically plausible results were obtained for
the CHRNA3-CHRNAS5-CHRNB4 nicotinic receptor
subunit gene cluster on chromosome 15 (minimal
P=0.0003). These results were also highlighted in a
candidate gene study of the same population.®

The results of a whole genome association study
of CPD as a quantitative trait in ~7500 people of
European origin are reported here. In addition,
a complementary study of CPD in a second popula-
tion of ~7500 people of European origin is also
reported. The results indicate that one or more alleles
in the CHRNA3-CHRNA5-CHRNB4 nicotinic receptor
subunit gene cluster on chromosome 15 increase risk
for ND.
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Table 1 Analysis of CPD and DSM-IV nicotine dependence
in the NESARC data

Cutoff Sensitivity Specificity
1 0.97 0.0809
5 0.8855 0.308

10 0.7877 0.4307

15 0.603 0.3936

20 0.5373 0.6499

25 0.1813 0.8933

30 0.1676 0.899

35 0.1013 0.9367

40 0.0984 0.9378

45 0.0282 0.98

50 0.0276 0.9804

55 0.0197 0.9846

60 0.0194 0.9847

70 0.0046 0.9963

Abbreviation: CPD, cigarettes per day.

Sensitivity and specificity for usual quantity smoked by
lifetime history of nicotine dependence among smokers
(n=18930).

Approximately 65% specificity for persons habitually
smoking >20 CPD criteria for DSM-IV ND.

When the CPD value is >25, specificity improves to 90%
for DSM-IV criteria for ND.

The National Epidemiologic Survey on alcohol and related
conditions (Grant et al., 2003)** data were analyzed for the
specificity and sensitivity of various cigarettes per day
definitions of nicotine dependence by DSM-IV criteria.

Methods

CPD was selected as the single phenotype for
analysis, because it is a highly heritable,® widely
used phenotype in genetic studies of smoking.”**° To
understand the relationship between CPD and DSM-
IV ND, we analyzed an epidemiologic dataset, the
National Epidemiologic Survey of Alcohol and
Related Conditions (NESARC''). This was a house-
hold survey of 43 000 Americans, in which data were
collected on CPD and on the diagnosis of ND.
Sensitivity and specificity were examined for various
values of CPD and the diagnosis of ND. From this
analysis (Table 1), specificity and sensitivity of DSM-
IV ND are unacceptably low, even when individuals
are smoking nearly a pack daily (20 CPD). The
analysis suggested that the specificity for a DSM-IV
diagnosis of ND improved to 90% when persons
smoking >25 CPD were considered (Table 1). Thus,
for dichotomous (case—control) analysis of genotypes,
a case was defined as a person who smoked >25 CPD.
Part of the value of this case definition is that it
probably defines by DSM-IV a ND person.

GSK sponsored a cardiovascular disease study of a
population-based sample of 6205 adult residents of
the city of Lausanne. Briefly, participants in the study
were randomly selected from a list of 56,694
individuals aged 35-75 years who were permanent
residents of the City of Lausanne. Recruitment took
place between April 2003 and March 2006, and the
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overall participation rate was 41%. Only individuals
of European origin (persons for whom the four
grandparents were of European origin) were included
in the study, in an attempt to limit heterogeneity for
genetic studies. Participants completed a health
questionnaire and underwent a physical exam. They
provided a blood sample for genetic studies and
clinical chemistries. The health questionnaire in-
cluded the question: If you were ever a daily smoker,
what is the maximal number of CPD regularly
smoked? All participants were duly informed about
the sponsorship by GSK and were consented for the
use of biological samples and data by GSK and its
subsidiaries; the study was approved by the Local
Ethics Committee.

Genome-wide SNP genotyping was performed on
6000 Lausanne participants, using the Affymetrix
500K SNP chip, as recommended by the manufac-
turer. A total of 366 samples were excluded from this
analysis as they either had an efficiency <90% or
showed gender inconsistencies, so that genetic data
from 5634 individuals were included in the present
study. Markers were excluded if they were mono-
morphic (4052), had a call rate <95% (157) or were
out of Hardy—Weinberg equilibrium (35,417), leaving
a total of 460,959 markers for analysis.

GSK also sponsored an unrelated case—control
genetic association study of dyslipidemia, nested
within the GEMS project, in a population of
European-origin individuals recruited from medical
clinics. A total of 923 cases, defined as individuals
with high triglycerides levels and low HDL-cholester-
ol levels in plasma, and 924 highly discordant
controls with low triglycerides, high HDL-cholesterol
levels and an excess in body-weight were recruited in
this study. Genotypes from Affymetrix 500K SNP
chips were subjected to quality control measures
similar to those for the Lausanne study.

Quantitative analyses of CPD with genotype were
performed using gender as a covariate, since more
men are regular smokers than women.’? A 2003 US
survey revealed that 24% of men and 19% of women
are regular smokers."” Individuals who denied ever
smoking were excluded from this analysis, as they
may have never had sufficient exposure to cigarette
smoking to become dependent.”® Quantile—quantile
plots of the GEMS and Lausanne populations
revealed little deviation from the expected distribu-
tion (see Supplementary Figure S1). These data
suggest an absence of population stratification across
the phenotype of CPD. Data were analyzed for
association with one and only one phenotype, CPD,
using the computer program, PLINK."?

GSK also sponsored the establishment of case—
control association samples for about 18 common
diseases known as the High-Throughput Disease-
specific target Identification Program (HITDIP)."*
Each of these samples consisted of approximately
1000 Cases and 1000 controls collected at multiple
sites in North America and Europe. These DNA
samples were genotyped at ~6000 SNPs in a panel
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Table 2 Genes with the same putative CPD risk alleles in GEMS & Lausanne

SNP Chromosome StartPos Gene GEMS p Laus P Pooled P
RS6495308 15 76694711 CHRNAS3 0.008723 0.000601 6.90E—05
RS7804771 7 136783133 DGKI 0.007254 0.001059 9.81E—-05
RS2645339 5 178348669 GRM6 0.000916 0.02548 0.000272
RS5522 4 149576925 NR3C2 0.000589 0.001751 1.52E-05
RS5525 4 149575966 NR3C2 0.01019 0.000269 3.78E—-05
RS10869409 9 76313209 RORB 0.01129 0.000365 5.53E—-05
RS7846903 9 76304931 RORB 0.009396 0.001039 0.000122
RS13293006 9 76326716 RORB 0.02351 0.002327 0.000592
RS7873840 9 76340109 RORB 0.01027 0.01714 0.001698
RS4932598 15 90338849 SLCO3A1 0.0249 0.000639 0.000192
RS4932597 15 90338621 SLCO3A1 0.03262 0.000637 0.000245
RS12439738 15 90336555 SLCO3A1 0.00379 0.01282 0.000531
RS12439765 15 90336606 SLCO3A1 0.004227 0.01374 0.000625

The six genes with the lowest P values are listed for the GEMS and Lausanne studies. Only those genes with the same allele

nominally significant in both studies were included. P values were combined using Fisher’s method.

of 1800 ‘drugable’ candidate genes (for additional
details see Roses A et al.'*). These HITDIP studies
collected a common set of data concerning the
medical history of each participant, including a
question about smoking habits. The only ND-related
phenotype available in these HITDIP studies was the
answer to the question: If you ever smoked regularly,
what was the number of CPD typically smoked? In
some of the HITDIP studies, this may have been
interpreted as the maximum number of CPD regularly
smoked, as opposed to an average or typical number,
perhaps due in part to the different languages in the
countries in which the studies were executed. Thus,
treating CPD in the HITDIP samples as a quantitative
trait could have led to errors. A case—control analysis
of the HITDIP data was conducted. A control was
defined as anyone who reported CPD always <5 CPD
and a case anyone who reported smoking >25 CPD.
Individuals who denied ever smoking a single
cigarette were excluded from the analysis. In the
dichotomous analysis using PLINK,"® the definition of
a case (a person smoking >25 CPD) rested on the
results of our examination of the NESARC data that
established the relationship between DSM-IV diag-
nosis of ND and the maximal number of CPD regularly
smoked (see Table 1).

Consent forms were reviewed for each HITDIP
study to determine whether the language in the
consent form permitted anonymous analysis of the
CPD phenotype. In instances where the consent form
was narrowly worded (for example, did not permit
analysis of phenotypes unrelated to the primary
disease), the data set was not analyzed. In instances
where the validity of the CPD variable might be
questioned (for example, Alzheimer’s disease), the
data set was not analyzed.

Results

The quantitative CPD phenotype was analyzed in
both the GEMS and Lausanne studies, using gender as
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a covariate, on a total of ~7600 individuals. In these
two studies, no SNP reached a proposed genome-
corrected level of significance (~1077). There were a
total of 117 genes in which at least one SNP had
nominal significance (P<0.05) in both studies, with
the same allele identified as the risk allele (more
common among smokers). In Table 2, the six most
significant genes are listed, with all the tested SNPs.

CHRNAS3 (the o 3 subunit of the nicotinic receptor)
is an obvious candidate gene. CHRNA3 has been
associated with ND in a case control analysis of
~1000 ND DNA samples and ~900 control DNA
samples,® with P=0.0003. The two associated
CHRNA3 SNPs in Saccone et al.? were not tested in
GEMS/Lausanne, as they are not represented in the
Affymatrix 500K chip.

The HITDIP'* data were then queried to determine
whether CHRNA3 SNPs were in linkage disequilibrium
(LD) with CPD. HITDIP analyses are limited because
~2000 genes were studied using ~6000 SNPs. Seven
HITDIP studies included were COPD, depression,
schizophrenia, migraine, Genecard (a cardiovascular
disease study), rheumatoid arthritis and osteoarthritis.'*
These seven HITDIP studies were analyzed in a case
(>25 CPD, n=1740) versus control (<5 CPD, n=6200)
mode, using gender as a covariate. Across these HITDIP
studies, there was only a single SNP in CHRNAS3,
which was genotyped, rs1317286, an intronic SNP (see
Figure 1). This SNP was strongly associated with CPD
(P=0.0000026). The other genes listed in Table 2 were
not genotyped in the HITDIP study.

As can be seen from Figure 1, there are no SNPS in
common for Saccone et al.,’ HITDIP and GEMS/
Lausanne. None of these SNPs convey known func-
tional difference for the CHRNA3 gene. However, the
associated alleles are on a CHRNA5-CHRNA3 com-
mon haplotype (see Figure 2; www.hapmap.org). As
indicated by the black triangle (in Figure 2) drawn
around the CHRNA3-CHRNAS5 SNPs, these ND risk
alleles all lie within a single haplotype block, while
CHRNB4 SNPs lie in an adjacent haplotype block.


www.hapmap.org
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Figure 1 A diagram of the CHRNA3 gene on Chromosome 15 is shown, with base pair number at the top. Exon 1 is on the
right side of the figure. Locations of SNPs are indicated by arrows, with base pair given according to www.genome.ucsc.edu.
Study of origin is noted, along with the risk allele, risk allele frequency in European-origin individuals and P value. Linkage

disequilibrium values are taken from www.hapmap.org. F(RA) denotes the frequency of risk allele.
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Figure 2 Haplotype Blocks and Linkage Disequilibrium in the CHRNA3 and CHRNAS5 Region. Haplotype blocks (indicated
by the black triangles) are shown for the CHRNA3/5 region for persons of European origin (www.hapmap.org), with LD
values indicated by shading (dark grey =high LD, white =intermediate, light grey =low). Genotyped SNPs used to establish
the haplotype blocks are given at the top of the figure. Risk alleles are boxed. The three studies identify the same common
haplotype (the first one, with 38% allele frequency) as conveying risk, while the third and fourth haplotypes are protective,

in that no risk alleles are present. Figure created using Haploview.
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These data are most consistent with the first
haplotype conveying risk for ND. However, many risk
alleles are found in the second haplotype, while the
third and fourth haplotypes are clearly protective,
containing no risk alleles. The two remaining haplo-
types are uncommon in individuals of European
origin. Because the identified risk alleles at these
several SNPs lie on the same common haplotype in
Europeans, imputation analysis of these data is not
likely to reveal one or more causative alleles."

Discussion

Due to extensive LD in this CHRNA3-CHRNAS5 region
(Figure 2), it is possible that the causative allele(s)
may lie within either or both of these genes, which are
nicotinic receptor subunit genes. Some data support
LD of CHRNA5 SNPs with ND. Saccone et al?
detected LD for several CHRNA5 SNPs, including
rs16969968 (P=0.0006), a mis-sense (398 Asp/Asn)
SNP which may have functional significance for the
CHRNAS5 protein. While this mis-sense SNP was not
genotyped in the GEMS/Lausanne data, nor in
HITDIP, in the Lausanne data, CHRNA5 SNP
rs951266 is nominally associated with CPD
(P=0.0006). This SNP did not pass quality control
for GEMS. Thus, the present data do not identify
unequivocally the CHRNAS3 as a risk gene for ND, to
the exclusion of CHRNAS5. It will be necessary to
conduct additional experiments to clarify the identity
and number of ND risk alleles in the CHRNAS3-
CHRNAS5 region. While SNPs in CHRNB4 are less
probably involved in ND in these populations, a role
for this nicotinic receptor subunit cannot be excluded
on the basis of the current data, even though it may lie
in an adjacent haplotype block, because there is
significant LD between CHRNB4 and the main
haplotype block identified as harboring ND risk
alleles (see Figure 2).

Both the CHRNA3 and CHRNA5 genes are
expressed in human brain areas relevant to addiction,
such as the nucleus accumbens, amygdala and
entorhinal cortex (see Supplementary Figure S2).
Co-ordinated expression of these two genes may
occur, as they share some 3'UTR.' -5 subunits are
typically found associated with some «-3 and o-4
nicotinic receptor subunits.?” ¢-5 and «-3 subunits are
obligate accessory subunits which cannot form func-
tional nAChRs by themselves or in combination with
only one other type of subunit. a-5 subunits do not
participate in the formation of the acetylcholine
binding site,'” but when an «-5 subunit is expressed
in an o-3-containing receptor, there are marked
changes in Ca®" permeability, desensitization and
binding affinities.’® The regulation of «-5 or -3
subunit incorporation into a functioning receptor is
imperfectly understood.

The effort to identify novel targets for ND through
analysis of whole genome association genetic data
sets has yielded convincing evidence that alleles of
the CHRNAZ3/5 region of chromosome 15 increases
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risk for ND (see Figure 2, and Bierut L] and Saccone
SF7®). There is extensive LD across these two genes,
which are oriented in opposite directions and share
some 3/UTR."® All CHRNA3 and CHRNAS5 identified
risk alleles for several independent populations
(GEMS, Lausanne, HITDIP,”®) lie on a single common
haplotype in the region. While this haplotype is
clearly implicated in risk for ND, the causative
allele(s) are not apparent, due to LD across these
two genes. The causative allele(s) must be identified
through biological studies of the effects of these SNPs.
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