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Objective: A recent study provisionally
identified numerous genetic variants as
risk factors for the transition from smok-
ing to the development of nicotine de-
pendence, including an amino acid
change in the α5 nicotinic cholinergic re-

ceptor (CHRNA5). The purpose of this
study was to replicate these findings in an
independent data set and more thor-
oughly investigate the role of genetic vari-
ation in the cluster of physically linked
nicotinic receptors, CHRNA5-CHRNA3-
CHRNB4, and the risk of smoking.

Method: Individuals from 219 European
American families (N=2,284) were geno-
typed across this gene cluster to test the
genetic association with smoking. The fre-
quency of  the amino ac id var iant
(rs16969968) was studied in 995 individu-
als from diverse ethnic populations. In
vitro studies were performed to directly
test whether the amino acid variant in the
CHRNA5 influences receptor function.

Results: A genetic variant marking an
amino acid change showed association
with the smoking phenotype (p=0.007).
This variant is within a highly conserved
region across nonhuman species, but its
frequency varied across human popula-
tions (0% in African populations to 37% in
European populations). Furthermore,
functional studies demonstrated that the
risk allele decreased response to a nico-
tine agonist. A second independent find-
ing was seen at rs578776 (p=0.003), and
the functional significance of this associa-
tion remains unknown.

Conclusions: This study confirms that at
least two independent variants in this nic-
otinic receptor gene cluster contribute to
the development of habitual smoking in
some populations, and it underscores the
importance of multiple genetic variants
contributing to the development of com-
mon diseases in various populations.

(Am J Psychiatry Bierut et al.; AiA:1–9)

Cigarette smoking is a major public health problem
that contributes to nearly 5 million deaths every year
worldwide (1). Despite knowledge of the adverse health ef-
fects, 45 million adults in the United States smoke, and
about half of these individuals are dependent on nicotine
(2, 3). Nicotine is the component in cigarettes that is re-
sponsible for the maintenance of smoking, and the physio-
logical effects of this drug are mediated largely through the
neuronal nicotinic acetylcholine receptors (nAChRs) (4).

Our group recently completed genome-wide associa-
tion and candidate gene studies of nicotine dependence
based on the contrast between nicotine-dependent smok-
ers and smokers who used at least 100 cigarettes in their
lifetime but never developed any symptoms of depen-
dence (5, 6). These genetic studies focused on the transi-
tion from smoking to the development of nicotine depen-
dence. Intriguing findings for further follow-up included
the identification of a strong association of nicotine de-
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pendence with genetic polymorphisms in the nicotinic re-
ceptor gene cluster, α5-α3-β4, on chromosome 15, which
included a variant that results in an amino acid change
(aspartic acid [D] to asparagine [N]) in the α5 neuronal
nicotinic acetylcholine receptor subunit (CHRNA5). There
was also evidence of a second distinct finding in this clus-
ter marked by rs578776 (pairwise r2<0.2 with rs16969968)
in the α5-α3-β4 gene cluster.

Neuronal nicotinic receptors are pentameric ligand-
gated cation channels that are expressed in the central and
peripheral nervous systems and are composed of different
combinations of primarily α and β subunits (see reference
7 for a review). The α5 subunit participates in multiple
nicotinic receptor subtypes (8–14), including an α4β2α5
subtype that contributes to nicotine-stimulated dopa-
mine release in the striatum, a region that is involved in
the reward pathway and is crucial to the development of
substance dependence (15, 16). The α3 subunit has lim-
ited distribution in the brain and forms α3β2 and α3β4 re-
ceptors (7).

The purpose of this study was to further define the ge-
netic contribution of these findings to smoking in families
affected with alcoholism. This involved testing whether
the original observations could be replicated and fine-
mapped in an independent data set, examining the fre-
quency of the variant resulting in the amino acid change
in diverse populations and performing a functional study
to determine whether the amino acid substitution
changed receptor function.

Method

Collaborative Study on the Genetics of Alcoholism

The Collaborative Study on the Genetics of Alcoholism
(COGA), a genetic study of alcohol dependence, had high rates of
smoking and allowed for the genetic study of habitual smoking
and light smoking contrast groups (17). The institutional review
boards of all participating institutions approved the study. All
study subjects provided written informed consent after receiving
a complete description of the study.

Alcohol-dependent probands were identified through inpa-
tient or outpatient chemical dependency treatment programs.
The Semi-Structured Assessment for the Genetics of Alcoholism
(18) was administered to probands and their relatives. Although a
diagnostic assessment of nicotine dependence was not adminis-
tered to all subjects, smoking history was collected and proxies
for nicotine-dependent and nondependent status were devel-
oped. Case status was classified by habitual smoking, defined as
ever smoking at least one pack (20 cigarettes) daily for 6 months
or more. Subjects were classified as unaffected if they had smoked
at least 100 cigarettes in their lifetime or had smoked daily for 1
month or more but never smoked more than 10 cigarettes daily
(19). In a subset of subjects who were also assessed with the Fag-
erström Test for Nicotine Dependence (20), 78% of habitual
smokers were categorized as nicotine dependent when a score of
4 or more was used as the cutoff (the scale runs from 0 to 10, with
higher scores indicating greater dependence), and 73% of light
smokers were not nicotine dependent (see Figure S1 in the data
supplement that accompanies the online edition of this article).
Those who never smoked or did not meet the affected or unaf-

fected status were considered “unknown” phenotypically in the
genetic analyses.

Each family that participated in the genetic phase of this study
included an alcohol-dependent proband and at least two first-de-
gree relatives with alcohol dependence. A total of 262 families in-
cluding 2,309 individuals were selected for the genetic study (21,
22). The 219 pedigrees of European descent, with 2,284 geno-
typed individuals including 955 habitual smokers and 281 light
smokers, were analyzed.

Human Diversity Cell Line Panel

The Human Genome Diversity Cell Line Panel (from the Hu-
man Genome Diversity Project [HGDP] and the Centre d’Etude
du Polymorphisme Humain [CEPH]) is a resource of DNA from
individuals from different world populations that is banked at the
Foundation Jean Dausset-CEPH in Paris (23). These samples were
collected as part of the HGDP to provide DNA for studies of se-
quence diversity and history of human populations. Information
includes the population and geographic origin of the samples.
Genetic structure analysis on these human populations identified
six main genetic clusters, five of which correspond to major geo-
graphic regions, and subclusters that often correspond to individ-
ual populations (24). Informed consent was obtained from all
subjects.

SNP Assays

The dbSNP database established by the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/SNP/)
was used to identify single nucleotide polymorphisms (SNPs)
within and flanking the α5-α3-β4 gene cluster. Sequenom Mas-
sArray technology (http://www.sequenom.com), homogeneous
MassEXTEND (hME), or iPLEX assays were used for genotyping. A
detailed protocol has been described elsewhere (25). The primer
sequences used for genotyping are listed in Table S1 in the online
data supplement. For the 22-base-pair (bp) insertion/deletion
polymorphism (rs3841324), polymerase-chain-reaction (PCR)
primers (forward primer 5′-AAAAGGAACAAGGCGAGGATTG-3′;
reverse primer 5′-GAGTGTGAGTCGTGAGACAAAACG-3′) were
selected using the MacVector 6.5.3 software package (Accelrys,
Inc., San Diego) to yield a 166-bp or 188-bp genomic fragment
containing the SNP rs3841324. The amino acid change coding
SNP in exon 5 of the CHRNA5 gene, rs16969968, was genotyped
using a restriction fragment length polymorphism assay. PCR
products were generated with forward primer 5′-CGCCTTTG-
GTCCGCAAGATA-3′ and reverse primer 5′-TGCTGATGGGG-
GAAGTGGAG-3′ and then digested with Taq1 restriction enzyme.
Genotypes of rs3841324 and rs16969968 were detected by electro-
phoresis on 2% agarose gel.

Statistical Analyses

Linkage disequilibrium between markers was computed using
the software program Haploview (26). The family-based associa-
tion test was used to examine the association between genetic
variants and habitual smoking (27). The significant covariates, sex
and age, were incorporated in the model. There was no correction
for multiple testing.

Functional Studies of CHRNA5 Genetic Variant

Cell culture. HEK293T cells were maintained at 37°C in a hu-
midified 5% CO2 environment in Dulbecco’s modified Eagle’s me-
dium (high glucose, no pyruvate), 10% heat-inactivated fetal bo-
vine serum, and antibiotic/antimycotic (100 U/ml penicillin, 100
µg/ml streptomycin, and 0.25 µg/ml amphotericin B). Culture re-
agents were purchased from either Biowhittaker (East Rutherford,
N.J.) or Invitrogen (Carlsbad, Calif.).

Measurement of intracellular calcium. A g o n i s t  ( e p i b a t i -
dine)-evoked changes in intracellular calcium were performed
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using an aequorin-based luminescence assay as previously de-
scribed (28). HEK293T cells were seeded onto six-well plates
(1.5×106 cells/well) and were transfected the following day with
plasmids (0.25 µg/well for each plasmid) containing a human
codon-optimized aequorin cDNA (29), the mouse α4 and β2
cDNAs, and either the wild-type mouse α5 cDNA (D398) or a
mouse α5 cDNA in which D398 was mutated to N398. Transfec-
tion was performed using either the LipofectAmine Plus Reagent
(Invitrogen) or FuGENE HD transfection reagent (Roche Applied
Science, Indianapolis) as recommended by the manufacturers.
Approximately 48 hours after transfection, culture medium was
replaced with Dulbecco’s modified Eagle’s medium plus 0.1% fetal
bovine serum and 2.5 µm coelenterazine-hcp (Invitrogen), and
the cells were incubated for 3 hours at 37°C in a humidified 5%
CO2 incubator. After the coelenterazine incubation, cells were
gently aspirated from the culture dishes and transferred to 2-ml
tubes. The cells were then pelleted by centrifugation at 4°C for 5
minutes at 800 g; the supernatant was discarded, and the cells
were resuspended in 1× assay buffer (Hank’s Balanced Salt Solu-
tion [Cambrex, East Rutherford, N.J.], supplemented to 10 mM
CaCl2) and incubated for 1 hour at 4°C prior to initiating the assay.
The sample size was 12 for each nAChR variant (12 separate trans-
fections per variant from three independent experiments).

For the epibatidine concentration response curves, 50 µL of
cells were added to each well of a 96-well opaque white plate and
placed in a Victor3 V plate reader (PerkinElmer, Waltham, Mass.).
After a 1-second baseline read, 50 µL of epibatidine was injected
onto each sample and luminescence (in lux) was recorded at 0.2-
second intervals for 20 seconds immediately after the addition of
agonist. At the completion of the agonist stimulation, 100 µL of a
solution containing 0.1% Triton X-100 and 100 mM CaCl2 was in-
jected into each well, and luminescence was recorded for 5 sec-
onds at 0.1-second intervals. To control for differences in cell
number per well as well as variation in transfection efficiency
and coelenterazine loading, agonist responses were normalized
by dividing the maximal peak value for the agonist-stimulated
luminescence (L) by the total peak luminescence value (Lmax)
(maximal peak agonist-stimulated luminescence + maximal
peak luminescence resulting from cell lysis in the presence of
high calcium).

The half-maximal effective concentration (EC50) and maximal
response values for the concentration response curves were cal-
culated using a four-parameter logistic equation in the Graphpad
Prism 3.0 software package (Graphpad Software, San Diego).
Concentration response curves for the two nAChR populations
were evaluated using two-way analysis of variance (ANOVA) for
epibatidine concentration and receptor variant. Maximal re-
sponse and EC50  values  between the α4β2α5D398 and
α4β2α5N398 were compared using Student’s t test (two-tailed).
Verification that the α5 subunit was being incorporated into func-
tional α4β2α5 nAChRs was established using the reporter muta-
tion approach as described by others (28, 30–33) (data not
shown).

[125I]-Epibatidine binding. Membrane fractions were prepared
from samples as previously described (34), except that a 15-
minute incubation at 37°C with 50 µg/ml DNase was performed
prior to the first centrifugation. The binding of [125I]-epibatidine
to the membrane fractions was performed essentially as de-
scribed previously (34) in a 30-µL reaction that included binding
buffer (118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl2, 1.2 mM
Mg2SO4, 20 mM HEPES [pH 7.5]), and 200 pM [125I]-epibatidine.
Nonspecific binding was determined by the inclusion of 10 µmol/
liter cytisine in the reaction. Ligand binding was performed with
an amount of homogenate that did not produce ligand depletion.
Homogenate protein levels were determined by the method de-

scribed by Lowry et al. (35). Differences in binding were assessed
using Student’s t test (two-tailed).

Western blot immunochemistry. Unused samples from the
aequorin assay were lysed in tris-buffered saline (25 mM tris [pH=
7.4], 150 mM NaCl), 1% triton X-100, 1 mM EDTA, and protease
inhibitor cocktail (Sigma, St. Louis). Equal volumes of sample
were denatured in Laemmli buffer (Pierce Chemical Co., Rock-
ford, Ill.), run on an SDS-PAGE gel, and transferred to a poly-
vinylidene fluoride membrane as described previously (36). The
membrane was incubated with monoclonal antibody 268 at a
concentration of 1 µg/ml followed by a horseradish peroxidase
(HRP)-conjugated goat-anti rat antibody (Pierce Chemical Co.) at
a dilution of 1:5000. The membrane subsequently was incubated
with ECL Advance (an enhanced chemiluminescent HRP sub-
strate [GE Healthcare, Piscataway, N.J.]), and the resulting image
was captured using an Image Station 2000R (Eastman Kodak,
New Haven, Conn.). Intensity levels for the α5 subunit were deter-
mined using the Kodak 1D Image Analysis software package (Car-
estream Health, Rochester, N.Y.). Differences in protein levels
were assessed using Student’s t test (two-tailed).

Results

A careful examination of the linkage disequilibrium pat-
tern across the gene cluster revealed evidence of two dis-
tinct findings of genetic association with habitual smoking
versus light smoking in the CHRNA5-CHRNA3-CHRNB4
gene cluster. The nonsynonymous coding SNP of the
CHRNA5 gene, rs16969968 (p=0.007), was associated with
habitual smoking. Other SNPs that were highly correlated
with rs16969968 (rs2036527, rs17486278, rs1051730,
rs17487223, r2>0.79; see Figure S2 in the online data sup-
plement) were also associated, with p values ranging from
0.020 to 0.086 (Table 1). This SNP cluster, which spans the
three genes CHRNA5-CHRNA3-CHRNB4, most likely rep-
resents one group of correlated associated genetic variants.

A second finding of association in this gene cluster, at
rs578776, was statistically independent, with a low corre-
lation with rs16969968 (r2<0.15) (see Table 1 and Figure
S2). Between rs16969968 (highlighted in blue in Table 1)
and rs578776 (highlighted in yellow in Table 1), the abso-
lute value of D′ is high (D′=1) but in repulsion phase. The
minor allele at locus rs16969968 (allele A) is on the same
chromosome as the common allele at locus rs578776 (al-
lele C), which results in the very low r2. Several SNPs that
were moderately correlated with rs578776 (r2 values rang-
ing from 0.60 to 0.76) and that were significant in the pre-
vious study (6) were not associated in this family-based
analysis.

The finding of the amino acid change associated with
nicotine dependence at rs16969968 was further examined
in biological studies. Using sequence data from public da-
tabases, the protein sequences for CHRNA5 homologues
were aligned to determine conservation in the region sur-
rounding codon 398 in divergent species. The aspartic
acid residue at amino acid position 398 was completely
conserved from human to chicken, suggesting that it has
functional importance (see Figure 1).



4 AJP In Advance

RISK FOR NICOTINE DEPENDENCE

ajp.psychiatryonline.org

To assess the frequency of the minor allele (A) at
rs16969968 across multiple populations, this SNP was
successfully typed in the Human Genome Diversity Cell
Line Panel, which included 995 individuals representing
39 different populations (23). In populations of European
and Middle Eastern origin, the frequency of the A allele
was 37%–43%. The A nucleotide was not detected or was
uncommon in African, East Asian, and Native American
populations (Figure 2; see also Table S2 in the online data
supplement).

To establish whether the D398N polymorphism altered
receptor function, nicotinic agonist-evoked changes in in-
tracellular calcium were measured from HEK293T cells

that heterologously expressed either α4β2α5D398 or
α4β2α5N398 nAChRs. Receptor expression and α5 protein
levels also were determined for each α5 variant. Two-way
ANOVA indicated that the concentration response curves
for the nicotinic agonist epibatidine were significantly dif-
ferent between the α4β2α5N398 and α4β2α5D398 nAChR
variants (p<0.0001) (Figure 3). This difference in concen-
tration-response curves and maximal response to agonist
was not due to a shift in sensitivity to activation by epibati-
dine between the nAChR variants, as their EC50 values did
not differ significantly (α4β2α5D398 EC50=14.7 nM [SEM=
2.4]; α4β2α5N398 EC50=22.0 nM [SEM=3.5]; p=0.09). How-
ever, the maximal response to agonist was found to be

TABLE 1. Family-Based Association Test Analysis of Single Nucleotide Polymorphisms (SNPs) in the Cluster of CHRNA5-
CHRNA3-CHRNB4 Genes With Habitual Smoking in Caucasiansa

Gene and rs Number SNP Minor Allele
Minor Allele 
Frequency p

p Value in Earlier 
Study (6)

Upstream of CHRNA5
rs1979906 A/G G 0.44 0.508 —
rs880395 A/G A 0.43 0.395 0.678
rs7164030 A/G G 0.44 0.452 0.629
rs905739 C/T C 0.22 0.410 0.005
rs2036527 C/T T 0.33 0.086 —

Promoter of CHRNA5
rs3841324 Ins/Del Del 0.44 0.624 —
rs503464 A/T T 0.22 0.227 0.521

CHRNA5
rs684513 C/G G 0.20 0.251 0.009
rs667282 C/T C 0.23 0.378 —
rs17486278 A/C C 0.32 0.028 —
rs601079 A/T A 0.43 0.237 0.622
rs680244 A/G A 0.44 0.780 —
rs621849 A/G G 0.44 0.591 —
rs569207 A/G A 0.23 0.139 —
rs692780 C/G G 0.38 0.829 —
rs16969968 A/G A 0.34 0.007 0.0006
rs514743 A/T T 0.38 0.574 0.956

3′ UTRb of CHRNA3
rs578776 C/T T 0.28 0.009 0.0003

CHRNA3
rs6495307 C/T T 0.43 0.655 0.656
rs12910984 A/G G 0.23 0.225 —
rs1051730 C/T T 0.32 0.020 0.001
rs3743078 C/G G 0.24 0.121 0.011
rs3743077 A/G A 0.43 0.350 0.494
rs938682 C/T T 0.23 0.163 —
rs11637630 A/G G 0.23 0.224 —
rs7177514 C/G G 0.24 0.332 —
rs6495308 C/T C 0.24 0.224 —
rs8042059 A/C C 0.23 0.339 —
rs8042374 A/G G 0.23 0.349 —
rs3743075 A/G A 0.39 0.641 0.966
rs3743073 A/C C 0.39 0.629 0.886
rs1878399 C/G G 0.43 0.468 —

CHRNB4
rs17487223 C/T T 0.35 0.001 —
rs950776 C/T C 0.35 0.100 —
rs11636605 A/G A 0.22 0.493 —
rs9920506 A/G A 0.19 0.120 —

Upstream of CHRNB4
rs3813567 C/T C 0.22 0.592 0.012
rs17487514 C/T T 0.30 0.211 —
rs1996371 A/G G 0.39 0.374 —

a Study subjects were the Caucasian subset of the Collaborative Study on the Genetics of Alcoholism; this subset included 219 families with 955
affected individuals (habitual smokers) and 281 unaffected individuals (light smokers). Analyses were age and gender adjusted. Yellow and
blue shading indicate two different correlated variant groups (r2≥0.75).

b UTR=untranslated region.
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more than two times higher for the α4β2α5D398 nAChR
variant relative to the α4β2α5N398 nAChR variant (0.044
[SEM=0.002] and 0.023 [SEM=0.002], respectively;
p<0.0001). In contrast, the two variant nAChRs did not dif-
fer in expression, nor were the two isoforms of the α5 sub-
unit differentially expressed (see Figure 3). The sum of
these data indicates that the variant forms of the α5 sub-
unit alter receptor function without affecting receptor
expression.

Discussion

This study validates the importance of genetic variants
within the α5-α3-β4 nicotinic acetylcholine receptor gene
cluster that contribute to the risk of a light smoker transi-
tioning to heavy smoking and sheds light on a potential bi-
ological mechanism. There are two distinct genetic associ-
ations—one marked by rs16969968, which results in an
amino acid change in the α5 nicotinic cholinergic receptor
(CHRNA5), and a second marked by an SNP rs578776 in
the 3′ untranslated region of the α3 nicotinic cholinergic
receptor (CHRNA3). Because the r2 between these two
variants is low (0.15), the statistical significance at both
cannot be explained solely by the linkage disequilibrium
between them. Therefore, these data imply that two dis-
tinct loci in this region alter the risk for nicotine depen-
dence and habitual smoking. These findings confirm our
previous results in a case-control series studying nicotine
dependence (6) and the recent work by Berrettini et al. ex-
amining heavy smoking (37).

In these three genetic studies demonstrating the associ-
ations, there are important differences in the definition of
phenotypes, recruitment procedures, and analytic meth-
ods. The COGA sample was recruited as a high-risk popu-
lation for alcoholism, and a broader smoking phenotype
was used: habitual smoking, defined as smoking 20 ciga-

rettes a day for 6 months or more, and light smoking, de-
fined as smoking 10 cigarettes or fewer per day. A family-
based analytic design for association was used, which is
less likely to be biased by population stratification. The
previous genetic study sample our group studied was re-
cruited from the community, the phenotypic status was
defined by the Fagerström Test for Nicotine Dependence,
and a case-control design of unrelated individuals was
used (5, 6, 20). Similar SNPs were analyzed in these two
studies. The recent publication by Berrettini et al. (37) was
based on genetic studies of heart disease and other com-
mon illnesses in a population-based sample of 15,000
people. Smoking status was collected, and a quantitative
phenotype defined by number of cigarettes smoked per
day was studied in a secondary genetic analysis. Although
different genetic variants were tested in the Berrettini et al.
sample, the associated SNPs are highly correlated (in link-
age disequilibrium) with the variants in our studies. The
consistency of results across three different studies shows
that these genetic findings are robust across populations,
phenotypic classification systems, and analytic methods.

Three other research groups recently published strong
evidence of genetic association of the α5-α3-β4 nicotinic
acetylcholine receptor gene cluster on chromosome 15
with lung cancer (38–40). The findings highlighted in these
studies are highly correlated with the genetic variant that
results in the amino acid change in the α5 nicotinic acetyl-
choline receptor gene. However, the three groups differed
in their interpretation of whether this genetic association
with lung cancer acts through the indirect effect of smok-
ing or whether this variant also directly increases the vul-
nerability to lung cancer.

When a genetic association is found, it represents asso-
ciation with not only the tested variants but all genetic
variants (tested and untested) that are highly correlated.
Identifying the variant that causes functional changes re-

FIGURE 1. Comparative Sequence Analysis Surrounding Aspartate D398 of the α5 Nicotinic Receptor: The Amino Acid
Change to Asparagine in the Variant Receptor (rs16969968)

D398N

D: Aspartic Acid (GAU or GAC) 
N: Asparagine (AAU or aac) 

EETESGSGPKSSRNTLEAALDSIRYITRHIMKENDVREVVEDW Homo sapiens

EETESGSGPKSSRNTLEAALDSVRCITRHIMKENDVREVVEDW Pan troglodytes

EQTGSGGGPESSRNTMEAALDSIRYITRHIVKENAVREVVEDW Saimiri boliviensis

EEARSSRGPRSSRNALEAALDSVRYITRHVMKETDVREVVEDW Bos taurus

REEAESGAGPKSRNTLEAALDCIRYITRHVVKENDVREVVEDW Rattus norvegicus

REEAEKDGGPKSRNTLEAALDCIRYITRHVVKENDVREVVEDW Mus musculus

EEKGNMSGSESSRNTLEAALDSIRYITRHVMKENEVREVVEDW Gallus gallus

EETGKAKGPESSQNTLEAALDSIRYITRHVMKEHKVREVVEDW Xenopus laevis
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quires biological investigations. We have focused on the
amino acid change in the α5 nicotinic cholinergic receptor
for further studies.

The aspartic acid at position 398 in CHRNA5 in humans
occurs at a residue that is otherwise invariant across verte-
brate species. Frogs, chickens, rodents, cattle, and nonhu-
man primates all possess an aspartic acid residue at this
location. In humans, the amino acid may be either an as-
partic acid, which is the predominant residue at this posi-
tion, or asparagine. The α5 nicotinic subunit is not in-
volved in receptor binding in vivo (7), and this variant is
located in the cytoplasmic loop between transmembrane
domains.

Evidence that the amino acid change is functionally rel-
evant is supported by the fact that, in vitro, α4β2α5 nico-
tinic receptors with the aspartic acid variant (D398) exhib-
ited a greater maximal response to a nicotinic agonist than
did α4β2α5 nicotinic receptors with the asparagine amino
acid substitution (N398). Because the allele that codes for
asparagine is associated with increased risk for developing
nicotine dependence, and nicotinic receptors containing
the α5 subunit with this amino acid (N398) exhibit re-
duced function in vitro, reduced function of α4β2α5 nico-
tinic receptors may lead to an elevated risk for developing
nicotine dependence. The observation that decreased
nAChR function is associated with increased risk for nico-
tine dependence is consistent with the observation that
individuals who are extensive metabolizers of nicotine (re-

duced receptor activation per cigarette) are at increased
risk for nicotine dependence (41, 42). We believe that this
combined evidence of high conservation across species
and biological change in receptor function supports the
amino acid variant in the α5 nicotinic receptor as a caus-
ative biological factor that alters the risk of nicotine de-
pendence, although we cannot definitively rule out the
other correlated SNPs across the three-gene cluster.

The α4β2α5-containing nicotinic receptors are ex-
pressed on dopaminergic neurons in the striatum (16),
where they modulate nicotine-stimulated dopamine re-
lease (15). In addition, α4β2α5 nicotinic receptors are also
found on γ-aminobutyric acid (GABA)-ergic neurons in
the striatum and ventral tegmental area (43). This region
of the brain is associated with the reward pathway, and the
neurotransmitter dopamine plays a crucial role in the de-
velopment of dependence. Individuals with reduced
α4β2α5 cholinergic receptor activity may require greater
amounts of nicotine to achieve the same activation of the
dopaminergic pathway. Alternatively, reduced activity of
the receptor complex on GABA-ergic neurons may lead to
increased dopaminergic activity in response to nicotine.
How the altered receptor activity caused by the CHRNA5
amino acid change modifies liability to nicotine depen-
dence via the reward system in response to nicotine re-
quires further study.

The “at risk” allele differs dramatically across human
populations. It is predominantly seen in populations of Eu-

FIGURE 2. Allele Frequency Distribution (%) of cSNP rs16969968 in Different Ethnic Populationsa

a The frequency of the A allele is the white segment of the circles in the figure. Populations were grouped together on the basis of their genetic
structures as reported by Rosenberg et al. (24). Geographic regions: 1. America; 2. Africa; 3. North Africa; 4. Europe; 5. Middle East; 6. Central/
South Asia; 7. Central/South Asia; 8. East Asia; 9. Oceania.
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ropean and Middle Eastern descent and is uncommon or
nonexistent in populations of African, Asian, or American
origin. Interestingly, African Americans have a lower preva-
lence of nicotine dependence than European Americans
(44, 45), and this may be explained in part by the low prev-
alence of this risk allele in populations of African descent.

Less information is available regarding the second inde-
pendent finding marked by the genetic variant rs578776 in
this gene cluster. This SNP, rs578776, is located in the 3′
untranslated region of the CHRNA3 gene. The 3′ untrans-
lated regions contain regulatory sequences, and we can
speculate that this SNP is a putative functional variant. It
is important also to note that there are correlated SNPs
with rs578776 in CHRNA5 and CHRNA3, and the localiza-
tion of the functional alleles may be in either gene. Further
experiments are needed to identify the potential func-
tional variants and the biological mechanisms.

In summary, there are at least two independent genetic
variants in the CHRNA5-CHRNA3-CHRNB4 gene cluster
on chromosome 15 that are highly associated with smok-
ing behaviors, and we have extended our work to identify

a potential biological mechanism for one of the findings.
This study provides strong evidence that an amino acid
change in the α5 nicotinic receptor, which is highly con-
served across species, results in a functional change that is
associated with a smoker’s risk of transitioning from non-
dependence (light smoking) to dependence (habitual
smoking) on nicotine. This variant is common in popula-
tions of European and Middle Eastern descent and in-
creases the risk of developing nicotine dependence, but it
is rare in populations of African, American, and Asian de-
scent. Intriguingly, three recent papers demonstrated that
this genetic locus also contributes to the risk of developing
lung cancer. A second distinct finding in this gene cluster
is also seen, although further study is needed to localize
the potential functional allele and to determine whether
the variant affects the expression or function of the
CHRNA5 or CHRNA3 gene. These converging genetic asso-
ciations and biological data support the importance of
CHRNA5 and potentially CHRNA3 in the development of
nicotine dependence and highlight the pharmacogenetic
response to nicotine that increases the susceptibility to

FIGURE 3. Effect of the CHRNA5 D398N Polymorphism on Function and Expression of α4β2α5 nAChRsa

a Data shown in all graphs are mean values with SEMs indicated by vertical bars. Top left: Concentration-response curves for epibatidine-
evoked changes in intracellular calcium were measured from HEK293T cells transfected with plasmids containing a calcium-sensing aequorin
cDNA, α4 and β2 cDNAs, and either α5D398 or α5N398 cDNA (see Method section for explanation of L/Lmax). Two-way analysis of variance
indicated that the response curves for each nAChR variant were significantly different (N=12 per variant, p<0.0001). However, EC50 values
were not altered by the variant forms of α5 (N=12, p=0.098). Upper right: nAChRs possessing the D398 variant of α5 also exhibited a signifi-
cantly greater maximal response to epibatidine as compared with nAChRs containing the N398 variant (N=12 per variant, p<0.0001). Lower
left: [125I] epibatidine binding on membranes prepared from cells used for the aequorin assay indicates that there is no difference in the ex-
pression of the receptors when either the D398 or N398 variant of α5 is cotransfected with α4 and β2 (N=12, p=0.375). Lower right: Western
blot analysis demonstrates that the variant forms of α5 do not differ in expression (N=4 per variant, p=0.78). Lower right, inset: sample West-
ern blot from α4β2α5D398 (D398), α4β2α5N398 (N398), and α4β2 (-) transfected cells.
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dependence. These findings may help predict response to
pharmacologic therapies, such as varenicline and nicotine
replacement, for smokers who attempt to quit, and it may
shed important light on the biological mechanisms that
contribute to lung cancer.
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