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Abstract
Background—Peer smoking provides a socially reinforcing context of friends’ encouragement
and approval that contributes to smoking behavior. Twin studies show correlations and
interactions between peer substance use and genetic liability for substance use. However, none
examined specific genes. Here we test the hypothesis that the nicotinic receptor genes CHRNA5
(rs16969968), CHRNA3 (rs578776), CHRNB3 (rs13277254), and CHRND (rs12466358) modify
the risk for nicotine dependence (ND) associated with peer smoking.

Methods—Cases of current nicotine dependence (FTND ≥ 4) and smoking-exposed (smoked
100+ cigarettes lifetime), but non-dependent controls (lifetime FTND = 0) came from the
Collaborative Genetic Study of Nicotine Dependence (n=2,038). Peer smoking was retrospectively
assessed for grades 9–12.

Results—Peer smoking and the four SNPs were associated with ND. A statistically significant
interaction was found between peer smoking and rs16969968 (p = 0.0077). Overall risk of ND
was highest for the rs16969968 AA genotype. However, variance in ND attributable to peer
smoking was substantially lower among those with the AA genotype at rs16969968 than the lower
risk genotypes: AA = 2.5%, GA/AG = 11.2%, GG = 14.2%; p ≤ 0.004.

Conclusions—Peer smoking had a substantially lower effect on ND among those with the high
risk AA genotype at the functional SNP rs16969968 (CHRNA5) than among those with lower risk
genotypes. Such results highlight the possibility that given drug exposure those with specific

Corresponding Author: Eric O. Johnson, PhD., Senior Research Scientist & Program Director, Behavioral Health Epidemiology,
Behavioral Health and Criminal Justice Research Division, Research Triangle Institute International, PO Box 12194, 3040 Cornwallis
Road, Research Triangle Park, NC 27709-2194, Ph: 919.990.8347, Fx: 919.485.5555, ejohnson@rti.org.
Financial Disclosure:
Drs. LJ Bierut is listed as inventor on a patent (US 20070258898) held by Perlegen Sciences, Inc., covering the use of certain SNPs in
determining the diagnosis, prognosis, and treatment of addiction. Dr. N Saccone is the spouse of Dr. S Saccone who is listed on the
above patent. Dr. Bierut has acted as a consultant for Pfizer, Inc. in 2008.

NIH Public Access
Author Manuscript
Addiction. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
Addiction. 2010 November ; 105(11): 2014–2022. doi:10.1111/j.1360-0443.2010.03074.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genetic risks may be less affected by social contexts and intervention strategies focused on social
factors could have less influence on those at highest genetic risk.

Keywords
nicotine dependence; peer smoking; gene-environmental interaction; nicotinic receptor genes; case
control study

Introduction
Peer smoking is a strong correlate of smoking behavior, predicting initiation, regular
smoking and dependent smoking [1]. Evidence suggests that peer influence in established
friendship networks and selection of peers in establishing new friendships both play roles in
the observed similarity among peers for a number of risk behaviors [2–4] including smoking
[5–6]. A variety of theories have been used to postulate and understand mechanisms by
which peer smoking behaviors increase the risk of smoking onset and maintenance of
smoking including Social Learning, Primary Socialization, Social Identity and Social
Network Theories [7–8]. The key elements of these theories and empirical evidence suggest
that, affiliation with smoking peers provides direct opportunities to initiate smoking and
models for learning how to smoke (peer influence). Smoking peers also provide a socially
reinforcing context of friends’ encouragement and approval [9–10] that maintains smoking
behavior and a smoker social identity (peer influence and selection). Consistent with the
reinforcement/maintenance effects of affiliating with smoking peers, peer smoking is
associated with multiple stages of smoking and its influence extends beyond adolescence
into adulthood [1].

However, peer smoking influence plays out against a backdrop of individual variability in
genetic vulnerability to smoking and nicotine dependence. From a genetic perspective the
interplay of peer and genetic influences on smoking may follow two mechanisms: gene-
environment interactions (GxE) and/or gene-environment correlation (rGE) [11]. In the case
of GxE the effects of peer smoking may differ (being lesser or greater) by individual genetic
risk for smoking. Genes may also influence the degree to which individuals associate with
smoking peers by influencing an individuals selection of peers (active rGE) or peer groups
selection of an individual (evocative rGE) based on genetically influenced traits and
behaviors [11–12]. Twin studies examining peer behaviors and genetic factors for substance
use phenotypes have found evidence for both rGE and GxE [12–16]. These studies provide
important insights into the interplay between the peer social context and a general genetic
predisposition toward substance use and abuse symptoms. However, none of these studies
specifically examined cigarette smoking or nicotine dependence, and there are no studies
examining specific genetic variants associated with nicotine dependence and the influence of
peer smoking.

In the first genome-wide association study of nicotine dependence [17] and a companion
large scale candidate gene study [18] we identified several strong associations with variants
in CHRN genes including the single nucleotide polymorphism (SNP) rs16969968 in
CHRNA5. Independent studies have replicated the association between nicotine dependence
and this specific SNP [19–20] and between nicotine dependence and proxy SNPs that are
very highly correlated with rs16969968 (r2 = 0.975) [21–22]. Most recently we completed a
dense coverage association study of the complete family of 16 nicotinic receptor subunit
genes and nicotine dependence in which 226 SNPs were analyzed [23]. We identified four
distinct loci associated with nicotine dependence after multiple test correction: two
statistically independent SNPs in the CHRNA5-CHRNA3-CHRNB4 gene cluster
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(rs16969968 and rs578776), one signal in CHRNB3-CHRNA6 tagged by rs13277254, and a
single-SNP association in the CHRND gene (rs12466358).

In this study we extend these genetic findings to test GxE between the nicotinic receptor
gene SNPs (rs16969968, rs578776, rs13277254, rs12466358) and retrospectively reported
peer smoking during grades 9 −12 for nicotine dependence in the Collaborative Genetic
Study of Nicotine Dependence (COGEND) sample of European Americans, which is
composed of 1,054 current nicotine-dependent smokers as cases (FTND ≥ 4) and 984
smoking-exposed, but non-dependent, controls (smoked ≥ 100 cigarettes lifetime but
lifetime FTND = 0). Given these case/control definitions, this study tests the interplay of
genes and H.S. peer smoking on the transition from having been cigarette smoking exposed
to nicotine dependence.

Methods and Materials
Study design and sample

All study participants (N = 2,038) were recruited by the Collaborative Genetic Study of
Nicotine Dependence (COGEND), a United States multi-site project based on community
samples from St. Louis, MO and Detroit, MI [17–18,23]. Cases and controls were required
to have smoked at least 100 cigarettes lifetime, the threshold classically used to define a
smoker. Cases were nicotine dependent, defined by current Fagerström Test for Nicotine
Dependence (FTND) score of 4 or more [24]. Controls were defined as smokers (smoking at
least 100 cigarettes lifetime), but who never had any symptoms of dependence (lifetime
FTND=0). By selecting controls who smoked, we focused on those genetic and
environmental effects that are specific to the development of nicotine dependence rather
than smoking initiation. All selected COGEND participants were of European ancestry. See
Table 1 for sample characteristics.

The study was carried out in compliance with the Code of Ethics of the World Medical
Association and obtained informed consent from all participants and approval from the
appropriate institutional review boards.

Genotyping and quality control
Blood samples were collected for genetic analyses. Initial genotyping of 1608 subjects was
performed by Perlegen Sciences using custom arrays and by the Center for Inherited Disease
Research (CIDR) using Illumina Golden Gate technology as previously detailed [17–18,23].
Genotyping of the additional 445 subjects was done at Washington University using
Illumina Golden Gate technology and Sequenom MassArray iPLEX technology [23]. Self-
reported race was verified using EIGENSTRAT [25]. For this study, we focused on four
SNPs: rs16969968 and rs578776 located in the CHRNA5-CHRNA3-CHRNB4 gene cluster,
rs13277254 in CHRNB3-CHRNA6, and rs12466358 in the CHRND gene. All four SNPs had
call rates of 98% or better. Allele correspondence was checked for the combined genotyped
samples.

High School peer smoking
The number of peers who smoked was assessed by two questions of the form “How many of
your four best _____ friends smoked cigarettes during high school?”: one for male and the
other for female best friends. The response to both questions was summed providing a count
variable of number of best friends who smoked from 0–8. These measures where adapted
from the Teenage Attitudes and Practices Survey (TAPS) [26] to reflect the specific period
of adolescence and are widely used to characterize level of peer smoking [27].
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Statistical Analysis
Multivariable and Gene-Environment Interaction analyses—It is known from our
prior work that the SNPs rs16969968, rs578776, rs13277254, rs12466358 are independently
associated with nicotine dependence in the COGEND data [23]. The analyses for this study
begins with multivariable logistic regression model including all four SNPs (additively
coded as 0, 1, or 2 copies of the minor allele among those of European ancestry), number of
H.S. peers who smoked (0–8) and the covariates gender and age. For each SNP, we tested
for statistically significant multiplicative interaction between all model variables by adding a
product term (e.g., rs16969968 × H.S. peer smoking) to the main effects model, retaining
those that were statistically significant [28]. The Bonferroni corrected p-value used to test
four hypothesized H.S. peer smoking by SNP interactions was 0.0125.

To evaluate the impact of GxE interactions the predicted probabilities of nicotine
dependence for number of H.S. peers who smoked were plotted and the variance in nicotine
dependence attributable to smoking peers estimated by genotype. Variance explained was
estimated by Nagelkerke’s adjusted R2 from logistic regression models and the difference in
genotype specific R2 tested by z-test [29].

We tested the GxE assumption of independence between genetic risk and environment
exposures (no gene – environment correlation) by estimating the association between the
SNPs rs16969968, rs578776, rs13277254, rs12466358 and peer smoking among controls
only [30]. There was no evidence of such rGE between any SNP and H.S. peer smoking
using a negative binomial regression model [31] (Incident Risk Ratios: 0.99 to 1.02, p-
values > 0.30 for all SNPs). Although the lack of a correlation between these SNPs and H.S.
peer smoking might suggest use of a case only approach to testing GxE interactions, we
retained use of the case-control method to avoid the potential increase in Type 1 error [30].
The absence of rGE in the control only analyses provides some evidence that any observed
GxE interaction is unlikely to be attributable to rGE in the population.

Results
Main Effects of Nicotinic Receptor Gene SNPs and H.S. Peer Smoking

Table 2 presents the results of the multivariable logistic regression of the nicotinic receptor
gene SNPs rs16969968, rs578776, rs13277254, and rs12466358 as well as number of H.S.
peers who smoked on nicotine dependence, adjusted for age and gender. Each of these risk
factors were independently and significantly associated nicotine dependence.

Treating number of H.S. peers who smoked and age as continuous variables in logistic
regression models makes the assumption that they are linearly associated with nicotine
dependence. Testing this assumption using fractional polynomial analysis [28], no higher
power polynomial fit the association of peer smoking or age with nicotine dependence better
than the linear model (p ≥ 0.49 and p ≥ 0.45 for models up to 4 power terms, respectively).
Treating these variables as continuous is appropriate. The resulting odds ratios can be
interpreted as the increased risk of nicotine dependence for every additional H.S. peer who
smoked (26%) and for every year older a participant was (3%).

Testing Interactions with H.S. Peer Smoking
Testing all possible interactions among variables in the main effects model, significant
interactions were found between H.S. peer smoking and both rs16969968 and gender (p =
0.0077 & p=0.002, respectively; see Table 2). The two-way interaction rs16969968 × gender
was not significant (p = 0.32) nor was the three-way interaction peer smoking × rs16969968
× gender (p = 0.67), and the point estimates of the peer smoking by rs16969968 were similar
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by gender (female OR =0.94; male OR=0.91). H.S. peer smoking appeared to have stronger
effects on nicotine dependence for males than for females (OR = 1.37 95% CI 1.29 – 1.46
vs. OR = 1.20 95% CI 1.14 – 1.26). To illustrate the peer smoking by rs16969968
interaction figure 1 presents the predicted probabilities of nicotine dependence for number
of peer smokers by rs16969968 genotype, adjusted for gender and age. The overall risk of
nicotine dependence is highest for the rs16969968 AA genotype but H.S. peer smoking had
a substantially lower impact on those with this genotype compare to those with the GA or
GG genotypes combined (p = 0.006). Indeed, although the addition of the rs16969968 ×
peer smoking interaction term increased the explain variance of the overall model (R2) by
only 0.5% (18.9% vs. 18.4%) the variance in nicotine dependence attributable to H.S. peer
smoking was 4–6 times lower among those with highest risk genotype at rs16969968 than
the lower risk genotypes: AA = 2.5%, GA/AG = 11.2%, GG = 14.2%; z = 2.64, p=0.004 and
z = 3.27, p = 0.0005 respectively.

Adequate sample size across the range of each variable is a concern when testing
interactions. Table 1 provides descriptive information on peer smoking and the SNP
rs16969968. We found no difference in the distribution of H.S. peer smoking by genotype of
rs16969968 (χ2= 11.26, df=16, p=0.79). Additionally the smallest cell size included 15
subjects (AA genotype with one smoking peer). Thus it appears unlikely that the interaction
of H.S. peer smoking and rs16969968 identified in these analyses is an artifact of small cell
sizes. We also tested a model in which H.S. peer smoking was treated as an ordinal variable.
These analyses found a statistically significant interaction between H.S. peer smoking and
rs16969968 comparing the lowest to highest quartiles of number of smoking peers (p =
0.002). Thus the interaction finding appears robust to both the distribution of variables and
scale used to model the peer smoking variable.

Diplotype Analysis of rs16969968 – rs578776
Rs16969968 and rs578776 in the CHRN A5-A3-B4 gene cluster have statistically
independent associations with nicotine dependence. However, these SNPs are not
biologically independent [23]: the minor risk allele for rs16969968 (A) occurs on the
background of the major allele for rs578776 (C), and not all possible joint genotypes are
observed (see Table 3). Because of this pattern of linkage disequilibrium, the joint genotypes
at these two loci are equivalent to diplotypes (paired haplotypes). With the minor allele of
rs16969968 conferring risk for nicotine dependence and the minor allele of rs578776 (T)
being protective (Table 2), analyses of the rs16969968/rs578776 diplotypes indicates
significantly increased odds of nicotine dependence associated with the AA/CC diplotype
and significantly reduced odds associated with the GG/TT diplotype compared with the GG/
CC reference adjusting for age, gender and number of H.S. peers who smoked (Table 3).

In the diplotype regression model we found a H.S. peer smoking by the AA/CC rs16969968/
rs578776 diplotype interaction (p = 0.01). As illustrated in figure 2 H.S. peer smoking had a
significantly lower impact on probability of nicotine dependence for those with AA/CC
diplotype – the only observed diplotype that involves the high-risk AA genotype at
rs16969968 – compared with other diplotypes. The variance in nicotine dependence
attributable to H.S. peer smoking (R2) was more than four times lower among those with the
AA/CC diplotype than all the other diplotypes combined: AA/CC = 2.7%, all other
diplotypes = 12.5%; z = 2.98, p = 0.001. These results are consistent with the H.S. peer
smoking by rs16969968 analysis and suggest that accounting for this SNP’s linkage
disequilibrium relationship with rs578776 does not meaningfully alter the interpretation of
the primary results.
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Discussion
In this study we tested gene - environment interactions for risk of nicotine dependence
between nicotinic receptor gene SNPs and reported number of H.S. peers who smoked.
Significant main effects were observed for H.S. peer smoking and each of the four SNPs
examined rs16969968 and rs578776 in the CHRNA5-CHRNA3-CHRNB4 gene cluster,
rs13277254 tagging CHRNB3-CHRNA6 and rs12466358 in the CHRND gene. The
statistically significant interaction between rs16969968 and H.S. peer smoking (p = 0.0077)
indicated that the impact of H.S. peer smoking on the probability of nicotine dependence
was substantially reduced among those with the highest risk genotype (AA).

Prior analyses of this [23] and other samples [20] found statistically significant and
independent associations between nicotine dependence or heavy smoking and the four SNPs
examined here or their high LD proxies. Of these SNPs only rs16969968 is known to be
functional [23]. The minor allele at rs16969968 (A) results in an amino acid change (aspartic
acid [D] to asparagine [N]) in the α5 neuronal nicotinic acetylcholine receptor subunit which
reduces receptor function in vitro in response to a nicotinic agonist [19]. Finding a GxE
interaction between this functional SNP and H.S. peer smoking is encouraging, suggesting
that the interaction may be more than statistical and stand up to needed tests of replication in
independent samples.

Although this is the first study to examine the interaction between specific genes and peer
smoking for nicotine dependence, twin studies of related measures of peer influence and the
total additive genetic effects on related phenotypes have been reported. These studies have
found that the similarity in substance use and substance abuse symptoms between
individuals and their peers has been largely attributable to additive genetic variance
components [12,14–16]. Harden et al. [14] and Dick et al. [32] observed that the genetic
variance component for adolescent substance use or alcohol use was greater when peer use
was greater, that is a GxE, adjusting for rGE. Testing a series of GxE models for perceived
peer deviance Button et al. [16] found that the genetic variance component contributing to
substance dependence symptoms during adolescence was greatest where peer deviance was
high (social expression model) and where peer deviance was low (social distinction model).
Our GxE finding between rs16969968 and H.S. peer smoking wherein the effects of the AA
genotype on probability of nicotine dependence were most obvious at lower numbers of
smoking peers is consistent with Button et al. [16] social distinction model. However, we
interpret the GxE identified here as differing environmental effects by genotype given that
those with AA genotype are at higher risk regardless of the level of peer smoking while
those with high numbers of smoking peers without this risk genotype “catch-up” in
probability of nicotine dependence to those with the high risk genotype but have this high
probability for different reasons.

Another distinction between this and prior studies of the interplay between genetic risk and
peer influence is this study’s focus on the transition between significant cigarette smoking
exposure and becoming nicotine dependent by virtue of the case and control criteria: current
smokers with an FTND score ≥ 4 versus having smoked at least 100 cigarettes but a lifetime
FTND = 0. Because all study subjects have passed the threshold of smoking initiation the
effect of peer smoking in this study represents that component of peer influence that has to
do with maintenance of smoking: factors such as reinforcement of pro-smoking norms or
connectedness to social networks encourage adoption of a smoker social identity rather than
providing opportunities to initiate smoking or models of “how” to smoke. Thus our findings
suggest that given exposure to 100 cigarettes or more those with the AA genotype at
rs16969968 are only minimally influenced by peers as they transition into nicotine
dependence.
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Using the COGEND sample we recently reported another interaction with rs16969968 in
which the risk of nicotine dependence associated with the AA genotype at rs16969968 was
significantly greater among those with low parent monitoring compared to higher
monitoring [33]. It is reasonable to expect that low parent monitoring may increase
opportunities to affiliate with smoking peers and thereby increase risk of smoking. Indeed,
the commentary accompanying Chen et al. [33], suggested this possibility [34]. In the
COGEND sample we find a weak but statistically significant correlation between lower
parent monitoring and a larger number of peers who smoked (r = 0.15, p < 0.0001). Thus it
might be hypothesized that there would be greater risk of nicotine dependence associated
with the A allele at rs16969968 when parent monitoring is lower and peer smoking higher.
However, this was not what was observed; the probability of nicotine dependence remained
high and relatively constant across numbers of smoking peers among those with the AA
genotype. To explore these divergent findings we estimated models including both the
parent monitoring scale and H.S. peer smoking, which did not significantly alter either
measures’ main effect association with nicotine dependence, nor did parent monitoring
change the interaction between peer smoking and rs16969968 results (available upon
request). Additionally, there was no statistical interaction between H.S. peer smoking and
parent monitoring in predicting nicotine dependence (p = 0.36), nor was there evidence of
three-way interaction between rs16969968, parent monitoring, and peer smoking (p = 0.50).
Thus our prior findings for rs16969968 with parent monitoring and those in the current
study of peer smoking appear to be independent: increases in number of peers who smoke
does not appear to be the mechanism by which low parent monitoring increases the
expression of genetic risk associated with rs16969968.

In addition to the substantive relationship of our prior examination of parent monitoring
there is a statistical consideration for the current study. Taking a broader perspective of
correcting for multiple tests, results should be considered within the context of the number
of tests done using a sample as a whole [35]. Having tested two hypothesized GxE
interactions in the COGEND sample prior to the current study [33] plus the four tested here
would lower the strict Bonferroni corrected p-value to 0.0083 (0.05/6). As the p-value for
the H.S. peer smoking by rs16969968 interaction was 0.0077 this stricter correction does not
alter this study’s conclusions.

Limitations
There are several limitations of this study. First, reports of the number of H.S. peers who
smoked were retrospective. Thus, temporal proximity and mechanisms of peer influence on
the transition to nicotine dependence could not be examined, but is a direction for future
research in genetically informative longitudinal samples. Additionally, recall bias may have
affected the magnitude of the main effect of peer smoking on risk for nicotine dependence.
However a strong association has been well demonstrated in longitudinal studies [7,32].
Moreover, there is little reason to suspect that the level of recall bias would vary by
rs16969968 genotype. Second, we were unable to distinguish different types of peer
relationships (e.g. romantic versus friendship) which may have differential impact on risk of
nicotine dependence. However, we did conduct parallel analyses for same and opposite sex
peers. These results were entirely consistent with the presented results and are available
upon request. Third, the case–control design of this study does not allow conclusions
regarding risks of nicotine dependence in the population as a whole but limits the
interpretation of results to the transition to dependent smoking among those exposed to
cigarette smoking. Fourth, this study’s statistical power to detect an effect the size observed
for the H.S. peer smoking by rs16969968 interaction is low (61% at the multiple testing
corrected 2-sided p-value of 0.0125 [36]). As low power increases the risk of false negative
tests, the study’s failure to identify other statistical interactions must be considered tentative.
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Low statistical power does not, however, compromise our primary finding of the H.S. peer
smoking by rs16969968 interaction. Fifth, these results require replication in an independent
sample. Although the current study does not have a replication sample, it does meet other
criteria suggestive of a credible finding [35]: 1) evidence-based selection of genes and
environmental risk with main effects on the phenotype; 2) the GxE interaction was found
with a functional SNP; and 3) significant results after correcting for multiple testing. Thus
the interaction between rs16969968 and H.S. peer smoking is worth follow-up by
investigators with independent samples.

Conclusion
In this first study of the interplay between specific genes and H.S. peer smoking we found
both independent and interaction effects with SNPs in the nicotine receptor genes:
rs16969968 and rs578776 in the CHRNA5-CHRNA3-CHRNB4 gene cluster, rs13277254
tagging CHRNB3-CHRNA6 and rs12466358 in the CHRND gene. Number of H.S. peers
who smoked had little effect on the probability of nicotine dependence among those with the
high risk AA genotype at the functional SNP rs16969968 but had substantial effects among
those with lower risk genotypes. This result suggests that those with the AA genotype at
rs16969968 may not need as supportive a social environment to make the transition from
having initiated smoking to becoming nicotine dependent smokers as those with lower risk
genotypes.
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Figure 1.
Predicted Probabilities of Nicotine Dependence for Number of Peer Smokers by rs16969968
Genotypes, Adjusted for Gender and Age
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Figure 2.
Predicted Probabilities of Nicotine Dependence for Number of Peer Smokers by rs16969968
– rs578776 Diplotypes, Adjusted for Gender and Age
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Table 3

Association of Nicotine Dependence with rs16969968-rs578776 Diplotype adjusted for Gender, Age and
Number of Smoking Peers

rs578776

rs16969968 C/C T/C T/T

G/G 1.0 (ref)
146/127

0.74 (0.53–1.02)
202/236

0.63 (0.41–0.96)
64/88

A/G 1.06 (0.77–1.45)
290/243

0.82 (0.58–1.15)
178/188

--
0/0

A/A 1.61 (1.11–2.35)
171/89

--
0/0

--
0/0

The first line of the cell indicates the OR and 95% CI when GG/CC for rs16969968/rs578776 is the reference genotype adjusting for gender, age
and number of smoking peers; the second line indicates the number of cases and controls with the specific genotype combination.

Addiction. Author manuscript; available in PMC 2011 November 1.


