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Original Investigation

Association of the DRDZ2 gene TaqlA
polymorphism and smoking behavior:
A meta-analysis and new data

Marcus R. Munafo, Nicholas J. Timpson, Sean P. David, Shah Ebrahim, ¢ Debbie A. Lawlor

Introduction: Many studies have investigated the association
of the dopamine type-2 receptor (DRD2) TaqlA polymorphism
with tobacco use and cigarette smoking behaviors, but findings
remain equivocal. There is a biological basis for considering that
this association differs by sex, and differences in subpopulations
might explain some of the contradictory evidence.

Methods: Our a priori hypothesis was that the association of
the DRD2 TaqlA polymorphism with smoking behavior would
be more prominent in females than males. We therefore inves-
tigated the strength of evidence for an association between the
DRD?2 TaqlA polymorphism and smoking behavior in a large
sample of females and used meta-analytic techniques to synthe-
size existing published data and explore the role of sex in ex-
plaining any heterogeneity between studies.

Results: We did not observe any strong evidence of associa-
tion between the DRD2 TaqlA polymorphism and smoking
behavior, including smoking initiation, smoking persistence,
and smoking rate, either in our female sample or in our meta-
analysis of 29 studies, comprising 28 published studies and the
data from the present study. Metaregression suggested an as-
sociation between the proportion of male participants in a
study and the individual study effect size, indicating a larger
effect size with a greater proportion of male participants for
smoking initiation and smoking persistence. This effect did not
appear to be due to the inclusion of the data from the present
study.

Discussion: Available evidence does not support an associa-
tion between the DRD2 TaqlA polymorphism and smoking be-
havior. Contrary to our a priori hypothesis, we found evidence
of a stronger association in males than in females.
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Introduction

The human central dopamingeric system is widely considered
to play an important role in substance use and the development
of subsequent dependence. Evidence of a role for this system
extends to a range of psychoactive substances, including opi-
ates, cocaine, nicotine, and alcohol (Koob & Le Moal, 2001;
Lingford-Hughes & Nutt, 2003; M. R. Munafo, Johnstone, Murphy,
& Walton, 2001). As a result, a great deal of attention has been
devoted to determining whether variation in genes with a dop-
aminergic function could account for the heritable variation in
susceptibility to substance abuse. In particular, the dopamine
type-2 receptor (DRD?2) gene on chromosome 11 (q22—q23) has
been studied widely (Blum et al., 1995).

Following a report (Blum et al., 1990) that the A1 allele of the
TaqlA polymorphism (rs1800497) of the DRD2 gene, a C-T sub-
stitution located in a noncoding region of the DRD2 locus, was
associated with alcoholism, several studies have investigated the as-
sociation of this polymorphism with substance use behavior, in-
cluding tobacco (Noble et al., 1994), opioid (Lawford et al., 2000),
and cocaine (Noble et al., 1993) use. Despite the large number of
individual studies investigating smoking behavior, however, results
have been equivocal, and a recent meta-analysis suggested no evi-
dence of association with cigarette smoking behavior (M. Munafo,
Clark, Johnstone, Murphy, & Walton, 2004), although another
meta-analysis did suggest evidence of association with risk of alco-
hol dependence (M. R. Munafd, Matheson, & Flint, 2007).

A number of pharmacogenetic studies have suggested an as-
sociation between the DRD2 gene and response to smoking ces-
sation pharmacotherapy. Reduced-function alleles (i.e., those
associated with, e.g., reduced mRNA expression) of polymor-
phisms in the DRD2 gene (e.g., TaqlAl) generally have been
shown to predict better response to nicotine replacement
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therapy (NRT) (Johnstone, Yudkin, Hey, et al., 2004; Lerman et
al., 2006; Yudkin et al., 2004 ), whereas increased-function alleles
(e.g., TaqlA2) have been reported to predict better response to
bupropion (David et al., 2007; Lerman et al., 2006; Swan et al.,
2005). Nevertheless, some studies have failed to demonstrate an
effect of DRD2 genotype on smoking cessation (Berlin, Covey,
Jiang, & Hamer, 2005). To be able to interpret these findings, we
need to know whether the DRD?2 gene is associated with smok-
ing behavior variables. If it is, the gene may simply be acting as a
proxy for tobacco dependence or some other characteristic in
pharmacogenetic studies (as opposed to a more direct modera-
tor of treatment response).

One reason for the lack of association observed in studies of
smoking behaviors may be that other factors moderate this as-
sociation, so that an association is present in some subpopula-
tions but not others. A possible moderating factor is sex, since
growing evidence indicates differences between males and fe-
males in response to nicotine and in the factors that motivate
smoking behaviors. For example, nicotine reinforcement has
been observed to control smoking to a greater degree in men
than in women (Perkins, 1999; Perkins et al., 1996; Perkins,
Donny, & Caggiula, 1999), and sex differences exist in nicotine
metabolism (Zeman, Hiraki, & Sellers, 2002) and the develop-
ment of psychomotor reactivity to environmental smoking cues
(Niaura et al., 1998). Although research has suggested that NRT
is less effective in women than in men (Perkins, 2001), evidence
remains equivocal (M. Munafo, Bradburn, Bowes, & David, 2004).
We have reported evidence that the association of the DRD2
Taql polymorphism with response to NRT differs between
males and females (Yudkin et al., 2004), with the association
present only in females. On this basis, it might be expected
that any association of the DRD2 TaqlA polymorphism with
smoking behavior may be present only in females.

We therefore investigated the strength of evidence for an
association between the DRD2 TaqlA polymorphism and
smoking behavior in a large sample of females and used meta-
analytic techniques to synthesize existing published data and
explore the hypothesis that between-study heterogeneity was
related to differences in the sex distribution within studies. The
large number studies of DRD2 TaqlA polymorphism allowed
us to apply a formal test of publication bias, as well as investigate
(albeit indirectly) the impact of potential moderating factors
such as sex through the use of metaregression. We included
studies that reported data on categorical smoking status by gen-
otype and those that reported data on continuously distributed
smoking rate by genotype. Although it has been shown that the
TaqlA variant alters an amino acid in a protein kinase gene
(ANKKT1) near the DRD2 locus (Neville, Johnstone, & Walton,
2004), we refer to the variant throughout as the DRD2 TaqlA
polymorphism, as this is the nomenclature used in the majority
of published studies to date.

Participants

Participants were originally recruited into the British Women’s
Heart and Health Study (BWHHS). Between 1999 and 2001, a
total of 4,286 women aged 6079 years were randomly selected
from 23 British towns, interviewed and examined, and com-

pleted a series of medical questionnaires. The original study
design and materials have been reported elsewhere (Lawlor,
Bedford, Taylor, & Ebrahim, 2003; Lawlor, Ebrahim, & Davey
Smith, 2002). Individuals for whom the ethnicity variable was
recorded as “non-White” (n = 9) were removed from all analy-
ses to avoid potential population stratification effects. The re-
sulting sample for the purposes of the present study were
analysis dependent and consisted of individuals for whom com-
plete data were available for the analysis of genotypic data on the
TaqlA variant (n = 3,648), and covariate data on alcohol con-
sumption (n = 2,940), body mass index (n = 3,957), socioeco-
nomic status (SES) score (n = 2,638), and age (n = 4,285). This
provided a working dataset of 2,437 individuals with complete
data, from which specific data were available on smoking initia-
tion (n = 2,409), smoking persistence (n = 1,376), and current
smoking rate (n = 256).

Measures

Smoking status variables used in the present study included self-
report of whether or not the participant had ever smoked ciga-
rettes (“Have you ever smoked cigarettes?”), current smoking
status (“Do you smoke at present?”), and among current smok-
ers, the number of cigarettes smoked per day. Other variables
used in the present study included age in years, body mass index
(BMI) in kg/m?, SES using a composite measure (described in
detail below), and alcohol consumption using frequency of con-
sumption. BMI and alcohol consumption have been reported to
be associated with both DRD2 Taq1A genotype and smoking sta-
tus and were included to adjust for potential confounding. Age
may be related to genotype and was included to control for pos-
sible survivor bias. SES is unlikely to be related to genotype but is
a strong predictor of smoking behavior; therefore, adjustment
would provide greater precision to any estimate of association.

In the BWHHS, the assessment of SES was a composite pro-
cedure that involved an extensive series of questionnaire-based,
self-reported observations. To incorporate the SES components
into working analysis, a single variable, a SES score, was derived
from 10 of the component information points. This approach
has been described in detail elsewhere (Lawlor, Davey Smith,
Rumley, Lowe, & Ebrahim, 2005; Timpson et al., 2005). In gen-
eral, dichotomized measures of SES in the BWHHS included (a)
father had manual social class, (b) no bathroom as a child, (c)
no hot water as a child, (d) shared bedrooms as a child, (e) no
family car as a child, (f) left school before leaving age, (g) adult
manual social class, (h) currently in local housing authority
housing, (i) provision for state pension only on retirement, and
(j) currently no car access. These variables were assessed as rep-
resentative of cumulative measures of SES over the life course
for the women of the BWHHS. A simple score of the number of
life course indicators that each woman was exposed to was cre-
ated as an ordered categorical variable from 0/1 (most advan-
taged) to 9/10 (least advantaged). Participants in the two lowest
and the two highest scoring categories were combined due to
small numbers.

Genotyping

Single nicleotide polymorphisms (SNPs) were genotyped using
the KASPar chemistry, which is a competitive allele-specific
polymerase chain reaction SNP genotyping system using FRET
quencher cassette oligos. All genotyping was performed by
KBioscience (www.kbioscience.co.uk). Three stages of internal
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quality control were used during genotyping. Known locations
of non-DNA test controls were used to assure unique plate
identity, a small sample of duplicate DNAs were genotyped for
all SNPs, and initial assay validations were performed on a sub-
sample of 96 chromosomes before genotyping the whole sample
set.

Selection of studies for inclusion

Studies in our meta-analysis included studies of the DRD2
TaqlA polymorphism that reported data on categorical smok-
ing status by genotype and those which reported data on con-
tinuously distributed smoking rate by genotype. Studies
reporting data on either single-sex or both male and female par-
ticipants of any ethnic origin were included. Studies using with-
in-subjects repeated measures designs that employed an
experimental manipulation (e.g., pharmacogenetic studies)
were excluded, as were family-based studies that only reported
transmission disequilibrium to affected offspring.

The principal outcome measures were the genotypic odds
ratio (OR) for the TaqlA polymorphism and smoking status,
coded as ever-smoker versus never-smoker and current smoker
versus nonsmoker, and the standardized mean difference
(Cohen’s d) for the TaqlA polymorphism and cigarettes per day
in current smokers, to allow the inclusion of data from the
BWHHS, assuming a dominant model of genetic action for the
Al allele.

Search strategy

The search was performed on two databases: PubMed and
PsycINFO. These databases were searched from the first date
available in each database up to July 31, 2007, using the search
terms smok$, nicotine, tobacco, DRD2, dopamine$, D2, TaqlA,
and ANKKI. Once articles had been collected, bibliographies
were hand searched for additional references.

The abstracts of studies identified by these search strategies
were examined with reference to the inclusion and exclusion
criteria. Duplications were deleted, and the whole text of each
reference was checked to further establish whether the study
met the inclusion criteria. Where studies reported previously
published data (i.e., duplicate publications), we included
only one of the publications, most commonly the original one
or the one reporting the largest sample.

Data extraction

For each study, the following data were extracted independently
by two authors (MM and SD) using standard forms: (a) authors
and year of publication, (b) methods (country of origin, domi-
nant ancestry of sample, case and control sample size, diagnos-
tic criteria or classification of smoking status, statement of
Hardy—Weinberg equilibrium (HWE), and method of genotyp-
ing), and (c) data (number of participants in control and case
groups, M and SD of cigarettes per day in genotype groups,
mean age, and sex ratio). Genotype frequencies were used to
calculate whether or not these variables deviated significantly
from HWE among controls. Ancestry was coded as European,
East Asian, or Other (which included cases in which ancestry
was stated as mixed, or when it was not stated). Additional in-
formation, including presentation of results in a consistent
format, was obtained through contact with study authors
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(see Acknowledgments). Discrepancies between the two data
abstractors were resolved by mutual consent.

Data analyses

Primary data from the BWHHS were analyzed using logistic
and linear regression models, for categorical and continuous
smoking behavior variables, respectively. For categorical vari-
ables (i.e., smoking status), ORs were calculated per DRD2
TaqlA allele assuming linearity and also were grouped as pres-
ence (A1A1 and A1A2) or absence (A2A2) or the Al (T) allele.
For continuous variables (i.e., smoking rate), the effect of num-
ber of DRD2 TaqlA alleles was assessed using linear regression
and genotype also grouped as presence (A1A1 and A1A2) or ab-
sence (A2A2) or the Al (T) allele. This grouping assumes a
dominant model of genetic action of the Al allele, consistent
with existing functional data and the majority of studies to date.
We repeated all analyses adjusting for the effects of age, BMI,
SES, and alcohol consumption. Unadjusted and adjusted results
are reported in the text.

Secondary data (studies identified from our systematic
search), together with data from our primary study, were ana-
lyzed within both a fixed-effects and a random-effects framework.
For the fixed-effects analyses, individual study effect sizes were
pooled using inverse variance methods to generate a summary
effect size and 95% CI. A fixed-effects framework assumes that
the effect of genotype is constant across studies, and between-
study variation is considered to be due to chance or random vari-
ation. For the random-effects analyses, effect sizes were pooled
using DerSimonian and Laird methods. A random-effects frame-
work assumes that between-study variation is due to both chance
or random variation and an individual study effect. Random-ef-
fects models are more conservative than fixed-effects models and
generate a wider CI. The significance of the pooled effect sizes was
determined using a Z test. We used a chi-square and I* to test be-
tween-study heterogeneity, with the latter providing a measure of
the proportion of variation that is explained by between-study
variation (Higgins, Thompson, Deeks, & Altman, 2003).

Results from both models are presented because, although
random-effects models are used when between-study heteroge-
neity is apparent (and this was likely among the included studies
given our expectation of sex differences), they do not “fix” the
problem. A random-effects framework, compared with a fixed-
effects framework, reduces the weight for each individual study
proportional to the difference in effect size of an individual
study from the pooled effect size estimate for all other studies.
Because heterogeneity may be the result of ascertainment bias, a
random-effects model combining several small positive studies
(and an absence of small negative studies, e.g., due to publica-
tion bias) with a large null study will tend to underweight the
latter, resulting in overestimation of the true effect.

The effect size of the first published study was compared with
the pooled effect size of the remaining studies using a Z test, be-
cause evidence indicated a substantially greater estimate of effect
size in the first published study (Trikalinos, Ntzani, Contopoulos-
Toannidis, & Ioannidis, 2004). Metaregression of individual study
effect size against year of publication also was conducted.

Stratified analyses by sample ancestry were conducted to as-
sess the potential moderating effect of this variable. Studies with
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samples of predominantly European or East Asian ancestry were
combined separately, and the difference in pooled effect size was
determined using a Z test.

A metaregression of individual study effect size against the
proportion of male participants in individual study samples was
conducted to assess the potential moderating effect of sex. The
significance of the effect size of proportion of male participants
was determined using a Z test.

Funnel plots were created to assess potential ascertainment
bias by plotting the natural logarithm of individual study effect
size against the SE of the natural logarithm of individual study
effect size. Ascertainment bias also was assessed using the Egger
test (Egger, Davey Smith, Schneider, & Minder, 1997).

Data were analyzed with Stata Statistical Software version
9.2 and Comprehensive Meta-Analysis version 2 statistical soft-
ware. Exact p values are given throughout.

Characteristics of participants in new
sample

Participants were, on average, aged 68 years (SD = 5, range = 59—
80), had a BMI of 27.6 kg/m? (SD = 5.0, range = 15.2-58.8), had a
median SES score of 4 (interquartile range = 3-6, range = 0/1-9/10),
and consumed alcohol once or twice a month. The distribution of
DRD?2 Taql genotypes (A1Al: n = 1,608, 66%; A1A2: n = 735,
30%; A2A2: n = 103, 4%) did not deviate significantly from HWE
(p = .10). Participant characteristics are presented in Table 1.

Association of DRD2 genotype with

smoking behavior in new sample
Data on smoking status and smoking rate grouped by DRD2
TaqlA genotype are presented in Table 2.

Smoking initiation. Logistic regression indicated no associa-
tion between Al allele frequency and the likelihood of being an
ever-smoker (unadjusted OR = 1.01, 95% CI = 0.88-1.22,
p = .88; adjusted OR = 1.01, 95% CI = 0.88-1.17, p = .85).
Grouping the genotypes containing the minor Al (T) allele

(A2A2vs. A2A1 + A1A1) did not alter these results substantially
(unadjusted: p = .86; adjusted: p = .89).

Smoking persistence. Logistic regression indicated no associa-
tion between A1l allele frequency and the likelihood of being a cur-
rent smoker (unadjusted OR = 0.97, 95% CI = 0.76-1.24, p = .80;
adjusted OR = 0.97, 95% CI = 0.75-1.25, p = .83). Grouping the
genotypes containing the minor Al (T) allele (A2A2 vs. A2A1 +
A1A1) did not alter these results substantially (unadjusted: p = .60;
adjusted: p = .61).

Smoking rate. Linear regression among current smokers indi-
cated no association between Al allele frequency and mean
number of cigarettes per day (unadjusted § = —1.19, 95% CI =
—2.71 to 0.34, p = .12; adjusted B = —0.81, 95% CI = —2.29 to
0.66, p = .28). Grouping the genotypes containing the minor Al
(T) allele (A2A2 vs. A2A1 + A1A1) did not alter these results
substantially (unadjusted: p = .31; adjusted: p = .64).

Description of studies in meta-analysis

A total of 28 studies published between 1994 and 2007, compris-
ing k = 34 independent samples, were identified by the search
strategy, met the inclusion criteria, and contributed to the meta-
analysis (Bierut et al., 2000; Comings et al., 1996, 1997; Connor
etal.,, 2007; Costa-Mallen et al., 2000; David et al., 2007; Erblich,
Lerman, Self, Diaz, & Bovbjerg, 2004, 2005; Freire, Marques,
Hutz, & Bau, 2006; Hamajima et al., 2002; Johnstone, Yudkin,
Griffiths, et al., 2004; Johnstone, Yudkin, Hey, et al., 2004; Lee,
2003; Lerman et al., 1999, 2003; Morton et al., 2006; Noble et al.,
1994; Preuss, Zill, Koller, Bondy, & Sokya, 2007;
Qi, Tan, Xing, Miao, & Lin, 2002; Robinson et al., 2006; Sabol
et al., 1999; Singleton et al., 1998; Spitz et al., 1998; Swan et al.,
2005; Timberlake et al., 2007; Ton et al., 2007; Wu, Hudmon,
Detry, Chamberlain, & Spitz, 2000; Yoshida et al., 2001). Data
from the present study also were included in the meta-analysis.
Study characteristics are described in Table 3.

A total of 20 samples reported data on participants of pre-
dominantly European ancestry, 5 on participants of predomi-
nantly East Asian ancestry, and 9 on participants of “Other”
ancestry. Two samples reported DRD2 genotype frequencies for
control subjects that deviated significantly from HWE (Lee,
2003; Timberlake et al., 2006).

Table 1. Characteristics of participants

Never-smokers Ever-smokers Nonsmokers Current smoker
(n=1,380) (n=1,029) (n=1,124) (n=252)
Characteristic M SD M SD M SD M SD
Age, years 69 6 69 6 69 6 67 5
Body mass index, kg/m? 27.52 4.82 27.61 5.05 27.99 5.06 26.26 4.67
socioeconomic status score 4 2 5 2 5 2 5 2
No. of cigarettes per day - - 12 7 - - 12 7
Alcohol n % n % n % n %
Daily 259 25 205 14 242 21 54 21
Weekends 207 20 262 19 212 19 51 21
Monthly 89 9 165 12 110 10 12 5
Occasionally 335 33 505 37 395 35 89 35
Never 139 13 243 18 165 15 46 18

Note. SES, socioeconomic status.
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Table 2. Smoking status and smoking rate by DRD2 TaqlA genotype

DRD2 TaqlA genotype

AlAL ALA2 A2A2 OR/p 9% CI pvalue
Ever smoked (n = 2,409) 43/101 307/723 679/1,585 Unadjusted 1.01 0.88-1.17  0.88

43% 43% 43% Adjusted 1.01 0.88-1.17  0.85
Smoke at present (n=1,376)  11/52 69/404 172/920 Unadjusted 0.97 0.76-1.24  0.80

21% 17% 19% Adjusted 0.97 0.75-1.25  0.83
Cigarettes per day, n = 256 M=8(SD=7), M=12(SD=7), M=12(SD=7), Unadjusted —1.19 -2.71-0.34  0.13

n=12 n=69 n=175 Adjusted —-0.81 -0.79-0.22  0.28

Meta-analysis

Separate analyses were performed for smoking initiation (ever
vs. never), smoking persistence (current vs. nonsmoker), and
smoking rate (cigarettes per day).

Smoking initiation. When all samples with relevant data
(k= 21) were pooled using a fixed-effects model, we found evi-
dence for an association between the DRD2 TaqlA genotype
and likelihood of being an ever-smoker (OR = 1.09, 95%
CI=1.01-1.17,Z=12.18, p = .030). We found strong evidence of
between-study heterogeneity (I = 76.68, x?*[20] = 85.74,
p < .001), however. When these data were analyzed within a
random-effects framework, the point estimate (indicating a 9%
greater odds of smoking per Al allele) remained identical to that
in the fixed-effects analyses but the p value was consistent with
the null hypothesis (Figure 1).

When the first published study (Noble et al., 1994) was re-
moved from the analysis (k = 20), these results were not altered
substantially, although the statistical evidence for association
within a fixed-effects framework was marginal (p = .081).
Metaregression indicated a significant association between ef-
fect size estimate and year of publication (Z = —5.09, p < .001),
suggesting decreasing effect size with increasing year of publica-
tion (Figure 2).

When studies that recruited samples of predominantly Eu-
ropean ancestry were analyzed separately (k= 11), we found evi-
dence of association, with a 20% greater odds of ever smoking
per Al allele (OR = 1.20, p = .001), although there was strong
statistical evidence of between-study heterogeneity (I* = 82.33, p
<.001). When these data were analyzed within a random-effects
framework, the odds of ever smoking per Al allele remained in-
creased (23%), but the p value was consistent with the null hy-
pothesis (OR = 1.23, p = .19). Consistent with the main analysis,
metaregression indicated a significant association between effect
size estimate and year of publication (Z = —5.29, p <.001), sug-
gesting decreasing effect size with increasing year of publication.
When studies that recruited samples of predominantly East
Asian ancestry were analyzed separately (k = 5), we found no
strong evidence of association in either the fixed-effects (OR =
0.89, p = .23) or the random-effects (OR = 0.86, p = .49) model.

Metaregression, excluding two studies (Comings et al., 1997;
Wu et al., 2000) comprising three samples in which data were not
available, indicated a positive association between effect size and
proportion of male participants (Z = 3.71, p < .001), suggesting
increasing effect size with increasing proportion of male partici-
pants (<50% male: k = 7, OR = 0.93, 95% CI = 0.84-1.03,
Z = 1.38, p = .17; >50% male: k = 11, OR = 1.32, 95%
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CI=1.17-1.48, Z = 4.60, p < .001; Figure 3). Excluding the data
from the present study did not alter these results substantially.

A visual inspection of a funnel plot of 1/SE against effect size
estimate did not indicate any evidence of ascertainment bias
among the entire sample of studies that contributed to the anal-
ysis of smoking initiation. Egger’s test also did not indicate any
evidence of ascertainment bias, #(19) = 0.16, p = .87.

Smoking persistence. When all samples (k = 23) with rele-
vant data were included, we found evidence for an association
between the DRD2 TaqlA genotype and the odds of being a cur-
rent smoker (OR = 1.13,95% CI = 1.05-1.22, Z = 3.32, p = .001)
in the fixed-effects model. We found strong statistical evidence
of between-study heterogeneity (P = 74.64, x*[22] = 87.76,
p < .001), however. When these data were analyzed within a
random-effects framework the point estimate (indicating an 11%
greater odds of current smoking per Al allele) remained similar
to that in the fixed-effects model but the p value was consistent
with the null hypothesis (OR = 1.11, 95% CI = 0.94-1.33,Z = 1.21,
p =.23). These results are presented graphically in Figure 1.
When the first published study (Noble et al., 1994) was re-
moved from the analysis (k = 22), these results were not altered
substantially. Metaregression indicated a negative association
between effect size estimate and year of publication (Z = —5.50,
p < .001), suggesting decreasing effect size with increasing year
of publication. These data are presented graphically in Figure 2.

When studies that recruited samples of predominantly
European ancestry were analyzed separately (k = 13), we found
evidence for an association (OR = 1.26, p <.001), although there
was evidence of significant between-study heterogeneity (I =
76.97, p < .001). When these data were analyzed within a ran-
dom-effects framework, the p value was consistent with the null
hypothesis (OR = 1.25, p = .11). Consistent with the main analy-
sis, metaregression indicated a significant association between
effect size estimate and year of publication (Z = —4.12, p <.001),
suggesting decreasing effect size with increasing year of publica-
tion. When studies that recruited samples of predominantly
East Asian ancestry were analyzed separately (k = 5), we found
no evidence of association in either the fixed-effects (OR = 0.88,
p =.19) or the random-effects (OR = 0.88, p = .26) model.

Metaregression, excluding two studies (Comings et al,
1997; Wu et al., 2000) comprising three samples in which data
were not available, indicated a positive association between
effect size and proportion of male participants (Z = 2.42,
p = .015), suggesting increasing effect size with increasing pro-
portion of male participants (<50% male: k = 8, OR = 0.96, 95%



Nicotine & Tobacco Research, Volume 11, Number 1 (January 2009)

‘wnuiqimba Sraquiop — Aprey = gMH ©[qeorjdde jou = vu _‘SIN0WSUOU, | Se PIPOd a1oM $303qns 35T (A[UO _SIONOWS-TOAIU | U0 AUO J[qB[TRAR 2T2M BJEP YDIYM UT SATPN)S JUasaIdal sanfea papeys ‘210N

0 sk ueadomyg  ¢/] 0L 07l 18 S/ 011 906 YLy 6.9 0S¢ 8vL 9/¢ (A 08 Apmg yuasaiq
0 $3K DpYPO 8T 6 6Ll LST S8 vLI vu vu (£007) Te 32 uoy,
08 sk ueadomg (8¢ 91z S8l 161 01 A vu v (£007) Te 32 ae[r2quu],
6 sk ueadomg 191 06 6€T 671 601 96T vu v (£007) 'Te 32 ssnaig
€L sk ueadomg g €Yl SLT 0€ 891 79¢ vu L1 S 7S 0 (£007) 'Te ¥ praeq
g ON Y0 7 9G¥ 68¢ G883 81. G883 €/l 9G¥ 433 (£007) 'Te 30 J0UU0)
o4 sk ueadomg 1z L1 ST TS 11 192 vu v (9007) 'Te 32 uosuIqoy
0 sk ueadomg vu vu 1L €L€ €9 91¥ (9007) 'Te 32 UOLIO
001  sx  uexdomy  6F 2 S A 9°¢l 4«4 vu vu (91104007e) (900T) T8 39 d1121]
001 sk uexdomy /9 0%l T8I €S L1 181 vu vl (1013u02) (9007) '[e 32 21121
8¢ s9k  ueaddomg 6z 90T  OFC ST 10T (474 vu v (5007) Te 32 uemsg
i3 $3K pYPo 6 Sl oz 6 4 L0T vu vu (5007) 'Te 32 YI[QIT
65 oN ueddomg  ¢pz g1l 9¢1 81y T 0€l crl 86 54 544 54 86 Sev 1#C (¥007) '[& 32 Aol ‘un{pn ‘suoysuyof
|82 sk ueadomg  7gh I'L 9¢T 0l S8 4 vu v (F007) T8 39 SYPYILID ‘UD[PL ‘duoisuyof
9 $3K SElATO N 44 81 L7 9 al 1'%C vu vu (¥007) 'Te 32 YI[QIT
9% s)f  uweaddomg  zep 001 L1T €81 €98 ST vu vu (£007) 'Te 32 ueRULID]
Is ON  ueIsyjseg vu 0¢ €9 67 9 0€ €9 67 S9 (£007) 21
bu - vu - URISYIseq 7 €€ 1L L fal €€ 174 VL Ll (#00ued Buny) (Z007) T30 1O
v by UeISYIseq vu [4s 00T 4s il 4s 00T 49 44| (Tonuod) (z007) Te 32 10
v sk ueisyisey 701 601  ¥lz 911 STl I 81 GsT ol 91T ST Gh¢ 701 91 (2007) Te 19 ewifewey
Ly s ueIsyIiseqy vu 9 o€l vL 09 L6 8<1 6¢ 8¢ (1002) 'Te 32 BpIYSOX
LL sk EElNT) 1 T [T o4 8T 9% ial €z (uedpawry uedIdY) (0007) T 32 M
99 $3K LYo fL 86 9Tl WL TTI Lyl L1 1€ 1 44 € 6 6 9 (re[d) (0007) T8 32 N
9 sk ueadomg vu IS 97 88 S 0zl 19 61 01 (suosunyred) (0007) ‘e 32 US[[BIN-BISO)
9 sk ueadomg vu o4 (44 8¢ (44 08 w € T (1o13U02) (0007) T€ 32 US[[EIN-©IS0)
Ly $3K pYpo 18 97l 00T T 1T 907 vu vu (0007) 'Te 32 191G
S¢S vu LYo 7 ey €0¢ L18 659 6.8 165 L€ S9¢ (6661) Te 12 [0qes
w Sk RElly] vu €1 €1 LT ST €1 €1 [T ST (1970,,) (666T) Te 1o UBWII]
w sk ueadomg vu 6¢1 89 6¥1 88 6€1 89 6¥1 88 (ueadomng) (6661) Te 30 UBWIT
€9 vu  ueddomg 8 6’1 6T 9§ 91 7'0€ 6 9 78 96 6 9 78 9 (100ued Suny) (8661) T8 32 z1ds
96 vu  ueadomg 1T e W L1 ST 01 ¢ 0L w 01 ¢ 0L w (1onyu02) (8661) T8 32 z1ds
a4 sk ueadomg vu 9 0S (4 € L9 0S U 43 (8661) T2 32 uoR3uIg
vu  s3p  ueadomg vu w € 01 06 w € 701 06 (£661) Te 32 s3urwo)
78 sk ueadomg vu 67S 81 091 491 67S 81 091 491 (9661) 'Te 32 s3urwo)
i vu  ueadomg vu I€1 IS 001 (4 007 16 1€ 97 (7661) T8 32 3[qON
oew gMH  Anseouy ey +1V  Tvev 41V vy +IV VTV 41V VTV +1Y Apmyg
JUIdJ
u as W u as W I9AN pENe} UON Jud.LINY)
uondunsuod ayaredry snye)s Suryows

salpn}s papn|oul Jo sonsualoedey) s ajqeL

69



Association of the DRD2 gene TaqlA polymorphism and smoking behavior

CI=0.87-1.06, Z = 0.86, p = .39; >50% male: k = 12, OR = 1.45,
95% CI = 1.29-1.64, Z = 6.03, p < .001). Excluding the data
from the present study did not alter these results substantially.
These data are presented graphically in Figure 3.

A visual inspection of a funnel plot of 1/SE against effect size
estimate did not indicate any evidence of possible ascertainment
bias among the entire sample of studies that contributed to the
analysis of smoking persistence. Egger’s test also did not indi-
cate any evidence of ascertainment bias, #(21) = 0.13, p = .90.

Smoking rate. When all studies (k = 19) with relevant data
were included, we found no evidence of an association between
DRD2 TaqlA genotype and smoking rate (d = .00, 95%
CI =-0.051t0 0.05, Z = 0.00, p = 1.00). There was strong statisti-
cal evidence of between-study heterogeneity (I> = 85.80, x*[18] =
126.80, p < .001), and the evidence for association remained
nonsignificant (d = —.03, 95% CI = —0.18 to 0.11, Z = 0.45,
p =.65). These results are presented graphically in Figure 1.

When the first published study (Spitz et al., 1998), compris-
ing two samples, was removed from the analysis (k = 17), these
results were not altered substantially. Metaregression indicated
no evidence of an association between effect size estimate and
year of publication (p = .71). These data are presented graphi-
cally in Figure 2.

When samples that recruited participants of predominantly
European ancestry were analyzed separately (k = 13), we found
no evidence of an association (d =—-.01, p=.11). Only one sam-
ple recruited participants of predominantly East Asian ancestry,
precluding a separate meta-analysis for this subgrouping.

Metaregression indicated no evidence of an association be-
tween effect size and proportion of male participants (Z = 20.07,
p =.95). These data are presented graphically in Figure 3.

A visual inspection of a funnel plot of 1/SE against effect size
estimate did not indicate any evidence of possible ascertainment
bias among the entire sample of studies that contributed to the
analysis of smoking rate. Egger’s test also did not indicate any
evidence of ascertainment bias, #(17) = 0.62, p = .55.

We did not observe any evidence of an association between the
DRD2 TaqlA polymorphism and smoking behavior, including
smoking initiation, smoking persistence, and smoking rate, in a
large sample of older females. In a meta-analysis of 29 studies,
comprising 28 published studies and the data from the present
study, we observed some evidence of a positive association with
smoking initiation and persistence, though not smoking rate.
However, considerable between-study heterogeneity was pres-
ent, and p values in the random-effect models were consistent
with the null hypothesis. Heterogeneity was explained in part by
year of publication, with studies published more recently having
weaker effects than earlier publications. A possible interpreta-
tion of these null results might be that no association exists. In-
triguingly, however, metaregression suggested an association
between the proportion of male participants in a study and the
individual study effect size, indicating a larger effect size with a
greater proportion of male participants. This effect did not ap-
pear to be due to the inclusion of the data from the present
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study, except in the analysis of smoking rate data, where remov-
al of these data rendered the results of the metaregression
nonsignificant.

The finding of greater effects in males was contrary to our a
priori hypothesis. We felt that, based on previous evidence of
sex differences in the effects of NRT and in nicotine metabolism,
any effect modification by sex would relate to stronger effects in
females. As a result, our findings should be interpreted as not
supporting an association between the DRD2 TaqlA polymor-
phism and smoking behavior in either sex until further large
studies with sufficient statistical power to determine a sex X
genotype interaction within the same study population have
been completed.

Researchers are interested in the TaqlA variant in part be-
cause it may alter the function of the nearby DRD2 gene. The
SNP has been reported to affect DRD2 availability in postmortem
striatal samples (Noble, Blum, Ritchie, Montgomery, & Sheridan,
1991; Thompson et al., 1997), and evidence from in vivo studies
indicates an association between the Al allele and lower mean
relative glucose metabolic rate in dopaminergic regions in the
human brain (Noble, Gottschalk, Fallon, Ritchie, & Wu, 1997).
Positron emission tomography (PET) scan studies have indicated
that this allele also is associated with low receptor density (Jons-
son et al., 1999). Evidence that the TaqlA variant alters an amino
acid in the ANKKI protein kinase gene, near the DRD2 locus
(Neville et al., 2004), does not rule out an effect on the DRD2
gene. Data from the HapMap project reveal that the variant is in
linkage disequilibrium with other variants in the DRD2 gene, but
not with variants in the ANKK1 gene, although other data appear
to contradict this finding (Gelernter et al., 2006). Thus, it may be
that additional functional variants in DRD?2 are contributing to
any association with smoking behavior.

Another, more speculative, possibility is that ANKKI may
exert an effect on dopaminergic neurotransmission itself. The
function of many proteins can be influenced or regulated by a
process of phosphorylation of key amino acid residues within the
protein. This process can influence factors such as the affinity of
the protein for ligands that bind to it, such as dopamine to its
transporter in this instance. Phosphorylation also can influence
other aspects of activity, and kinases catalyze these phosphoryla-
tion processes. ANKKI might therefore be a kinase that acts on
the transporter to influence its activity. If this were to be so, it
might explain how a polymorphism in a gene that was not the
transporter itself might relate to dopaminergic activity, so that
the polymorphism in ANKKI may influence the activity or regu-
lation of the kinase, thereby influencing the activity of the trans-
porter (D.J. K. Balfour, personal communication, 23 June 2006).
Data do not currently exist to test this possibility directly.

An important question that our data are not able to answer
is why any effects of the DRD2 TaqlA polymorphism may oper-
ate only in males or be stronger in males. Recent imaging data
suggest one possibility, however, which is that dopamine release
following stimulant challenge, as measured by PET with high—
specific activity [11C] raclopride, appears to be greater in males
than in females, with corresponding differences between males
and females in the subjective ratings of the positive effects of the
challenge (Munro et al., 2006). Therefore, increased dopamin-
ergic neurotransmission in response to drug challenge among
males, in particular in the striatum, may result in greater scope
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Study name Statistics for each study Odds ratio and 95% CI a
Odds Lower Upper
ratio  limit limit Z-Value p-Value
Noble 1994 1.849  1.187 2.881 2,719 0.007 ——
Comings 1996 2716 2.057 3.587 7.044  0.000 =
Comings 1997 1.580 0.883 2.827 1.542  0.123
Singleton 1998 0.596 0.342 1.037 -1.832  0.067
Spitz 1998 (Control) 2.000 0.521 7.682 1.010 0313
Spitz 1998 (Lung Cancer) 1.000  0.337  2.965 0.000 1.000
Lerman 1999 (European) 1.207  0.816 1.786 0.942  0.346
Lerman 1999 (Other) 0.926 0361 2375 -0.160  0.873
Sabol 1999 1.158  0.968 1.385 1.606  0.108 | 3
Costa-Mallen 2000 (Control)  1.184  0.570 2.462 0453  0.651
Costa-Mallen 2000 (Parkinson) 1.003  0.554 1.816  0.010  0.992 ——
Wu 2000 (African-American)  1.609  0.700  3.699 1.119  0.263
Wu 2000 (Mexican-American) 1.042  0.467 2.324 0.100 0921
Yoshida 2001 0370  0.235 0.582 -4.296  0.000 —_—
Hamajima 2002 1.063  0.801 1.412 0424  0.672 ——
Qi 2002 (Control) 1.220  0.765 1.945 0.835  0.403
Qi 2002 (Lung Cancer) 0.930 0.565 1.530 -0.287  0.774 ——
Lee 2003 1.067 0.576 1978 0.207  0.836
Johnstone 2004b 0.808 0.598 1.093 -1.383  0.167 —ir
Timberlake 2007 0951 0.805 1.124 -0.588  0.556
Munafo 2007 0985 0.831 1.168 -0.171 0.864
1.086  1.008 1.169 2.176  0.030
0.1 0.2 0.5 1 2 5 10
Al Increased Risk Al Decreased Risk
Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper b
ratio limit limit Z-Value p-Value
Noble 1994 1.729 0973 3.073 1.867  0.062
Comings 1996 2716  2.057 3.587  7.044  0.000 =il
Comings 1997 1.580  0.883 2.827 1.542  0.123
Singleton 1998 0.596 0342 1.037 -1.832 0.067
Spitz 1998 (Control) 2.000 0.521 7.682 1.010 0313
Spitz 1998 (Lung Cancer) 1.000 0337 2.965 0.000  1.000
Lerman 1999 (European) 1.207  0.816 1.786 0.942  0.346 —r—
Lerman 1999 (Other) 0.926 0361 2375 -0.160 0.873
Sabol 1999 1.441 1206 1.721  4.025  0.000 L
Costa-Mallen 2000 (Control) 1.270  0.204 7.898 0.256 0.798
Costa-Mallen 2000 (Parkinson) 1.035  0.454 2.364 0.083 0.934
Wu 2000 (African-American) 1.356  0.548 3.354 0.659  0.510
Wu 2000 (Mexican-American)  1.000  0.443  2.256 0.000 1.000
Yoshida 2001 0.598 0.358 0.999 -1.962  0.050
Hamajima 2002 0.806 0.591 1.099 -1.365 0.172 ——
Qi 2002 (Control) 1220 0.765 1.945  0.835  0.403
Qi 2002 (Lung Cancer) 0.930 0.565 1.530 -0.287 0.774 —_—
Lee 2003 1.067 0576 1.978 0207  0.836
Johnstone 2004b 0.808 0.598 1.093 -1.383  0.167 ——
Morton 2006 1.251 1.049  1.492 2.491 0.013 -
Timberlake 2007 0.839  0.707 0.995 -2.018 0.044 L
Connor 2007 1.889  0.634  5.632 1.141 0.254
Munafo 2007 0.925  0.690 1.240 -0.520  0.603
1.133  1.053 1.221 3.320 0.001 ¢
0.1 0.2 0.5 1 2 5 10
Al Increased Risk Al Decreased Risk
Study name Statistics for each study Std diff in means and 95% CI Y
Std diff Standard Lower Upper
inmeans error Variance limit limit Z-Value p-Value
Spitz 1998 (Control) -2.346 0250  0.063 -2.837 -1.856 -9.373  0.000 3
Spitz 1998 (Lung Cancer) 0.672 0.177 0.031 0.325 1.019 3.792  0.000 ——
Bierut 2000 0.048 0.082 0.007 -0.113 0.209 0.589 0.556
Wu 2000 (African-American) 0.197 0.143 0.021 -0.084 0478 1372 0.170
Hamajima 2002 -0.018 0.133 0.018 -0.279 0.243 -0.134 0.894
Lerman 2003 -0.021 0.088 0.008 -0.194 0.152 -0.238 0.812
Erblich 2004 -0.381 0.198  0.039 -0.768 0.006 -1.929 0.054
Johnstone 2004a 0.117 0.074 0.006 -0.029 0.263 1.566 0.117
Johnstone 2004b -0.050 0.061 0.004 -0.170 0.070 -0.821 0.411
Erblich 2005 0.447 0.217 0.047 0.022 0.873 2.060 0.039 [
Swan 2005 0.019 0.104  0.011 -0.185 0.224 0.184 0.854 -
Freire 2006 (Control) -0.008 0.184  0.034 -0.368 0.353 -0.042 0.967 ——
Freire 2006 (Alcoholic) -0.167 0.201 0.041 -0.562 0.227 -0.830 0.406 —
Robinson 2006 -0.121 0.183 0.033 -0.479 0.237 -0.664 0.506 ——
Connor 2007 0.571 0.232 0.054 0.117 1.026 2.463 0.014 ——
David 2007 0.172 0.118 0.014 -0.060 0.404 1452 0.146 i
Preuss 2007 -0.059 0.089  0.008 -0.233 0.114 -0.670 0.503
Ton 2007 -0.056 0.099  0.010 -0.251 0.139 -0.561 0.575
Munafo 2007 -0.140 0.135  0.018 -0.403 0.124 -1.038 0.299
0.000 0.026  0.001 -0.051 0.051 0.002 0.999
-2.00 -1.00 0.00 1.00 2.00

Al Decreased Cig/Day Al Increased Cig/Day

Figurel. Meta-analysis of association of DRD2 Taq1A1 allele with smoking initiation, smoking persistence, and smoking rate. Meta-analysis indicates
marginal evidence for association of the DRD2 TaqlA1 allele with smoking initiation (a) and smoking persistence (b), but not smoking rate (c). In all
cases there was evidence of between-study heterogeneity, and analyses within a random-effects framework were consistent with the null hypothesis.
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Figure 2. Metaregression of publication year against effect size for smoking initiation, smoking persistence, and smoking rate. Metaregression
indicates a significant association between individual study publication year and effect size estimate for smoking initiation (top) and smoking per-
sistence (middle), but not smoking rate (bottom). Where this was observed, the effect reflected a reduction in effect size estimate over time.

for individual differences due to genetic factors to exert an in-
fluence on drug-seeking and drug-taking behavior. Imaging ge-
netic study designs offer one means by which this possibility
could be tested. Another potential mechanism that may explain
our findings relates to hormonal differences between males and
females. Estrogen interacts with activity at dopamine D2 recep-
tor sites in the striatum (Lammers et al., 1999), a D2 receptor—
rich area of the brain, whereas females also show greater
estrogen-induced dopamine activation (Carpenter, Upadhyaya,
LaRowe, Saladin, & Brady, 2006; Dluzen & Anderson, 1997;
Lammers et al.,, 1999). The generally higher estrogen levels
among females may therefore be a protective factor against sub-
optimal dopamine functioning. That is, a genetic variant associ-
ated with reduced dopaminergic activity might result in a
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relatively greater deficit among males than among females,
thereby leading to a greater likelihood of persistent smoking,
given the agonist effects of nicotine on dopamine release.

The present study has several limitations, in particular the
new primary data that we report, that should be considered
when interpreting these results. We originally hypothesized that
any effect of DRD2 TaqlA genotype would be stronger in fe-
males, hence our choice of a large representative sample of
women. However, the absence of men did not permit us to test
explicitly for any putative sex X genotype interaction. Neverthe-
less, our new data were consistent with the findings from other
studies included in the meta-analysis. Second, data on smoking
behaviors were obtained by self-report and lack biochemical



Nicotine & Tobacco Research, Volume 11, Number 1 (January 2009)

1.5000

1.0000 | TS
< *
S *
2 05000 - *
]
= * P’ *
£ 0.0000 : : : Fe—* e : |
% 10 20 30 40 50 %o 70 80 90 100
o -0.5000 [ TS
o
-

-1.0000 *

-1.5000 ™ Percent male

1.5000

1.0000 | *
B .

.

8 05000 |- A
(]
® * T3 **
8 0.0000 & : : : — e R : |
2 °*
14 10 20 30 40* 50 %o 70 80 90 100
O -0.5000 LR
[=2]
o
-

-1.0000 F

-1.5000 - Percent male

1.0000

*
*

_ 0.5000 .
z
3 * *
) ¢ &
'S 0.0000 § : : oo r : $ : +
a ¢ .
= 10 20 30 40 50 60 70 80 90 180
(2] L 2

-0.5000

-1.0000 L

Figure 3.

Percent male

Metaregression of proportion of male participants against effect size for smoking initiation, smoking persistence, and smoking rate.

Metaregression indicates a significant association between individual study proportion of male participants and effect size estimate for smoking
initiation (top), smoking persistence (middle), but not smoking rate (bottom). Removal of the data from the primary study we report did not alter

these results substantially.

validation. Although the survey procedures were intended to
maximize accurate responding and most other studies reporting
this association also lack biochemical validation of smoking be-
havior, nondifferential misreporting may have weakened any
true association. Third, the smoking behavior phenotypes avail-
able to us were relatively crude and do not capture important
aspects of smoking behavior such as degree of dependence (ex-
cept perhaps through smoking rate). However, those pheno-
types that were available were broadly comparable with those
available in other published studies, which allowed us to con-
duct a meta-analysis of these studies. Indeed, the principal limi-
tation of our meta-analysis (as opposed to our analysis of the
primary data that we report) is that the procedures used allow
only comparable data to be combined. Fourth, our new data

were drawn from a relatively old sample, and genetic effects may
become more prominent as cigarette smoking becomes more
socially unacceptable, so that these effects may have been
masked in our data. However, the observed negative correlation
between effect size estimate and year of publication would argue
against this possibility.

Despite these limitations, our results provide some support
for the suggestion that the mechanisms of smoking behavior
and dependence differ between males and females and that
the genetic influences on these mechanisms also may differ,
although the apparent direction of effect we observed in our
meta-analysis is contrary to our original hypothesis, so that
these findings must be regarded as tentative and preliminary.
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If an association exists between the DRD2 TaqlA polymorphism
and smoking behavior, it may operate only in males or be stron-
ger in males. In general, it should not be assumed that genetic
associations will be comparable in males and females. This pos-
sibility requires further study, in particular in a large, adequate-
ly powered primary sample with sufficient power to test
explicitly for differences between males and females. Future
studies also should investigate sex differences in genetic associa-
tions with more complex phenotypes, such as measures of de-
pendence and smoking trajectories, and potential mediating
mechanisms, for example, through the use of imaging genetic
study designs.
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