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Abstract

Smoking cessation strategies continue to have disappointing results. By determining the
interindividual genetic differences that influence smoking behaviors, we may be able to develop
tailored strategies that increase the likelihood of successful cessation. This study attempts to
determine genetic influences on the relationship between the dopamine pathway and smoking
cessation by examining associations with a variable number tandem repeat variation in SLC6A3 and
the DRD2 variants TaglA (A2 vs. A1), TaqlB (B2 vs. B1), C957T (C vs. T), and -141C Ins/Del (C vs.
Del). Baseline smokers in the Pittsburgh Lung Screening Study who provided information on
smoking status one year later were evaluated. We frequency-matched those who were not abstinent
at one year to those who were abstinent at one year by gender, decade of age, and time of enroliment
(three month intervals) in a three to one ratio (N=881). Logistic regression was used to identify the
effect of genotype on abstinence at one year. In a model containing the matching variables and other
genotypes, DRD2 TaglA was significantly associated with being abstinent at one year (p=0.01).
Compared to participants who were homozygous TaqlA major allele (A2A2), participants who carried
at least one minor allele (A1) were less likely to quit (Odds Ratio: 0.47, 95% CI: 0.24-0.94). The
other dopamine receptor genotypes and the SLC6A3 genotype were not associated with smoking
status at one-year. The association between DRD2 TaglA and smoking cessation supports the
hypothesis that genetic variation in the dopamine pathway influences smoking cessation.
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INTRODUCTION

Mortality rates for lung cancer, the leading cause of cancer death, are increased more than 10-
fold for current smokers[American Cancer Society, 2003]. Although the prevalence of cigarette
smoking has decreased over the past few decades in reaction to public health campaigns, many
smokers are still unable to quit. According to the National Health Interview Survey, 70% of
smokers indicate that they want to quit; however, only 4.7% could abstain from smoking for
at least three months [CDC, 2002]. The vast majority (over 90%) of individuals who quit
successfully do so without any assistance [American Cancer Society, 2003]. The variability in
quitting success in the population may be due to interindividual differences in the strength of
addiction. These interindividual differences may be partially influenced by genetics. Therefore,
identification of and consideration of genetic influences on smoking behavior in the success
of quitting regimens may improve cessation rates.

The results of numerous twin studies conducted since the mid-twentieth century in various
populations support a hypothesis that genotype is a major factor in all phases of smoking
behavior, from initiation to dependence and persistence [Arinami et al., 2000; Rossing,
1998]. The reported heritability estimates are typically over 50% (range of 28 to 84%) [Arinami
etal., 2000; Kendler et al., 1999; Rossing, 1998; True et al., 1999]. Although twin studies have
been valuable in establishing a genetic link to smoking behavior, they are unable to provide
insight into which specific genes influence behavior.

The dopamine pathway is a major reward pathway implicated in addiction to nicotine and other
drugs of abuse. The effectiveness and efficacy of bupropion, an anti-depressant that acts on
the dopamine pathway [Swan et al., 2005] supports the hypothesis that genetic variation along
the dopamine pathway may cause differences in smoking behaviors including cessation. Even
stronger evidence for a role of the dopamine pathway in smoking addiction is provided by
positron emission tomography imaging studies, which demonstrate that nicotine induces
dopamine release [Brody et al., 2006; Brody et al., 2004]. It has been hypothesized that
differences in the density of receptors may explain the interindividual differences in response
to the dopamine release that occurs in smokers. However, other factors, such as the amount of
dopamine available, may also explain these differences.

The dopamine receptor 2 gene (DRD2) has been the subject of much addiction research. Several
functional DRD2 variants have been identified. Many studies have reported a link between
DRD2 genetic variation and variation in smoking behaviors [Comings et al., 1996; Noble et
al., 1994; Robinson et al., 2007; Spitz et al., 1998; Wu et al., 2000] including smoking cessation
[Lerman et al., 2006]. However, most of these have focused on a single allele and in most
studies this allele is DRD2 TaglA. The current study examines DRD2 TaglA, DRD2 TaqlB,
C957T and -141Ins/Del.

Dopamine transporter’s (DAT) role in removing dopamine from the synapse has led to research
on the SLC6A3 gene (also called DAT1) and various dopamine-related disorders. Variations
ina40-base pair repeat in the 3’ untranslated region have been linked to variations in the density
of transporter molecules on the surface of neurons, in dopamine transporter binding, and in
protein availability {Heinz, 2000 #382}{Jacobsen, 2000 #211}{van Dyck, 2005 #357}. The
10-repeat allele (major allele) and the 9-repeat allele are most frequently observed. Laboratory
studies suggest that variations in the number of repeats influence variations in gene
transcription and expression [Fuke et al., 2001; Jacobsen et al., 2000; Michelhaugh et al.,
2001; van Dyck et al., 2005]. Studies investigating a link between this gene and smoking
behavior have reported mixed results [Jorm et al., 2000; Lerman et al., 1999; Lerman et al.,
2003; Sabol et al., 1999; Vandenbergh et al., 2002].
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The purpose of this study was to determine the relationship between genetic variation on the
dopamine pathway and smoking cessation. We conducted a frequency-matched case-control
study of participants who were baseline smokers at the time of enrollment in a lung screening
study, comparing those who were not smoking at the one-year follow-up to those who were
smoking at the one-year follow-up. We evaluated whether DRD2 and SLC6A3 genotypes
differed between the two groups of participants.

MATERIALS AND METHODS

Population

The current study focused on participants in the Pittsburgh Lung Screening Study (PLuSS), a
research-based low-dose computed tomography (CT) screening program conducted as part of
the University of Pittsburgh Lung Cancer SPORE program. PLuSS participants, recruited
between January, 2002 and April, 2005, were current and former cigarette smokers between
the ages of 50 and 79 years who smoked at least one-half pack per day for at least 25 years. At
baseline, participants completed a questionnaire and assessment that included a CT scan and
pulmonary function test. At approximately one year after their baseline CT scan, participants
completed the annual study update that included a repeat CT scan and a brief telephone
questionnaire to determine if any changes in vital status, cancer status, or smoking status had
occurred. This research protocol was reviewed and approved by the University of Pittsburgh
Institutional Review Board. All participants provided written informed consent prior to
enrollment in the study.

Expired air carbon monoxide measures were used to validate self-reported smoking abstinence
in a subset of 228 PLuSS participants who returned for a follow-up visit between August, 2005
and January, 2006. Participants were asked their smoking status prior to taking the test, and
the readings were compared the self-reported smoking status. Using the recommended cutoff
of 8 parts per million or higher as a positive test for smoking,[SRNT Subcommittee on
Biochemical Verification, 2002] we found that 13 (12%) of the 108 participants who reported
not smoking tested positive for smoking.

Genotyping analyses were conducted in a subset of PLUSS participants who were smoking at
baseline and had provided information regarding their smoking status during the annual study
update telephone interview at the time of subset selection. Participants who had lung cancer
diagnosed in the one-year follow-up interval were excluded. Because the PLUSS population
was over 90% Caucasian, the genotyping subset was limited to Caucasians.

Participants were classified as Abstinent versus Not Abstinent at one year based on their
response to the annual study update question, “Are you currently smoking cigarettes?” The
Abstinent at one year group was further restricted to those participants who remained abstinent
for more than 30 days prior to the follow-up telephone questionnaire. For this case-control
analysis, participants who were in the Not Abstinent group served as the control group and the
Abstinent group served as the case group. Subset selection occurred at two time points based
on the status of the PLuSS database: October, 2004 and July, 2005. Most (90%) of the
participants who were smoking at baseline were also smoking at one year; thus, all individuals
in the Abstinent group were included in the subset. Those in the Not Abstinent group were
frequency-matched to those in the Abstinent group by gender, decade of age, and date of
enrollment (in three month intervals). To increase statistical power, three controls were
matched to each case. Within each stratum (cross of gender, decade of age, and date of
enrollment), three individuals who were not abstinent at one year were selected for each
individual in the Abstinent group. In cases where a stratum did not contain enough Not
Abstinent participants, Not Abstinent participants were selected from an adjacent date of
enrollment or decade of age stratum. Of the 900 participants who were selected (225 Abstinent
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at one year, 675 Not Abstinent at one year), 881 had blood specimens available and were
successfully genotyped for DRD2 TaqlA, DRD2 TaqIB, and SLC6A3 (219 Abstinent at One
Year, 662 smokers). DRD2 C957T results could not be obtained for 13 additional participants,
and DRD2 -141C Ins/Del results could not be obtained for one additional participant. In the
final data set, no significant case-control group differences in gender, decade of age, or date
of enrollment between individuals who were abstinent at one year and smokers was observed.
Moreover, the 881 participants who were genotyped and the 1394 participants who were
smoking at baseline but not genotyped were similar in gender composition, age at baseline,
educational status, and age at smoking initiation.

Genotyping Procedures

The DRD2 (TaqglA: rs1800497, TaqlB: rs1079597, C957T: rs6277, -141C Ins/Del: rs1799732)
polymorphisms were genotyped by TagMan allele discrimination assays using the Applied
Biosystems 7700 system (Applied Biosystems, Foster City, CA). These assays were designed
using the Applied Biosystems Primer express software, version 1.5. All reactions were
performed using 1X Universal Master mix, 200nM VIC or FAM labeled probes and 20ng of
genomic DNA. For DRD2 TaqlA and TaqlB site screening, 600 nM PCR primer concentrations
were used. For the C957T and -141C Ins/Del polymorphisms, 900 nM PCR primer
concentrations were used. Thermal cycling was initiated with a pre-PCR step, 2 min incubation
at 50° C, followed by 10 min at 95° C, and then by 49 cycles of 15 sec at 95° C and 1 min at
67° C (TaqglA), 59° C (TaqlB), 64° C (C957T) or 55° C (-141C Ins/Del). Positive and negative
PCR controls were included with each amplification reaction.

The SLC6A3 40 bp VNTR in the 3’-untranslated region was determined by a PCR-based assay
adapted from Kang, et al with minor modification [Kang et al., 1999]. Briefly, each 25 pl
reaction contained 1X PCR Optimized Buffer B (InVitrogen, Carlsbad, CA), 5% DMSO, 200
UM of dNTP, 900 uM of primers, 1.2 units of AmpliTaq Gold (Applied Biosystems, Foster
City, CA) and 20ng of genomic DNA. Thermal cycling was initiated with 94° C activation for
10 minutes, followed by 40 cycles of 1 minute at 94° C and 3 minutes at 72° C ending with a
72° C extension for 10 min. The PCR products were electrophoresed on 8% polyacrylamide
gels using the 50bp gel marker (Fisher Science) to determine PCR product length. Each gel
also included two known heterozygote genotype samples as positive controls (8/9 repeats and
9/10 repeats) and one negative PCR control sample.

All genotyping assays were repeated in 10% of samples to verify the reproducibility of the
assay. All results were interpreted independently by two laboratory personnel who were
blinded to the case-control status of participants. In the event of a discrepancy, the genotyping
assay was repeated until concordance was reached.

Data Analysis

Frequencies and Hardy-Weinberg equilibrium were assessed for each variant. The genetic
variables were examined by genotype and by presence or absence of the minor allele. The
relationships between genetic variables and one-year smoking abstinence were initially
assessed using univariate analysis techniques (chi-squared tests, t-tests, and Fisher’s exact tests
as appropriate). Crude odds ratios were calculated to evaluate the contribution of the genetic
variables to smoking cessation. We used logistic regression to calculate adjusted odds ratios
for each genetic variable while controlling for matching variables (gender, age, date of
enrollment). Logistic regression was used to evaluate a full model that included all of the
genetic variables.

Exploratory analysis of DRD2 haplotypes was conducted by first constructing haplotypes using
the PHASE program (Version 2.1). The case-control permutation test in PHASE was used to
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determine if significant differences existed in the haplotype frequencies between the Abstinent
at one year group and the continuing smokers. Chi-square tests were then used to evaluate the
association of each of the five most frequent haplotypes with quitting. The odds of quitting
given the presence of each of the five most frequent haplotypes were also calculated.

The allele frequencies for each gene are displayed in table | and are consistent with frequencies
reported in the literature for Caucasians. Aside from the most common 9- and 10-repeat
SLC6AS3 alleles other SLC6A3 alleles in our sample included 6-, 7-, 8-, 11-, and 12-repeat
alleles. DRD2 C957T and DRD2 TagqIB were in Hardy-Weinberg equilibrium. DRD2 TaglA
was not Hardy-Weinberg equilibrium (p<.01); the Al allele appeared to be over represented.
The DRD2-141C Ins/Del genotype was not in Hardy-Weinberg equilibrium (p<.01); the minor
appeared to be under represented. SLC6A3 was also not in Hardy-Weinberg equilibrium (p<.
01); the heterozygote genotype was over represented. Results of the univariate analysis for
selected variables are displayed in table 1. DRD2 TaglA genotype (p=.001) and presence of
DRD TaglA minor allele (p=0.029) were the only predictor variables that were significantly
associated with smoking behavior at one year.

Table I11 shows the odds ratios for each variant. DRD2 TaglA had a statistically significant
relationship with smoking behavior in a model that contained matching variables and the other
DRD2 variants (p=0.03). Participants carrying a minor allele were less likely than participants
with the A2A2 genotype (homozygous for the major allele) to be abstinent at one year. No other
SNPs were significant when either the crude or adjusted odds ratios were calculated.
Associations between SLC6A3 and smoking at one year were not statistically significant and
no significant interaction between SLC6A3 and DRD2 TaqlA was found.

A global test of the association between DRD2 haplotype and smoking at one year was not
statistically significant (p=0.24). Of the 16 potential haplotypes, 12 were included in the best
pairs summary for the 867 participants with complete genotyping data. The level of certainty
for the best pairs was greater than 75% for 830 (95.7%) of the participants. Of the 12 haplotypes,
5 were present with a frequency of at least 5%. These haplotypes are listed in table 1\VV. The
remaining haplotypes had a combined frequency of 2%. All five haplotypes were evaluated as
dichotomous variables (presence vs. absence of the haplotype). Haplotype number 4 was
further evaluated as a three level variable based on the number of copies of the haplotype that
were present (0 vs. 1 vs. 2). Chi square analyses were significant only for haplotype 4 coded
as a three level variable. The odds ratios for this variable in relation to smoking cessation are
shown in table V. Having two copies of the haplotype significantly increases the odds of
quitting.

DISCUSSION

Evidence suggests that the dopamine pathway is involved in smoking behaviors and
specifically in smoking cessation. This study followed baseline smokers for one year to
determine the effect of genetic variation in the dopamine pathway on smoking cessation. The
findings from this study further support the role of the dopamine pathway in smoking cessation
by replicating previous reports that link DRD2 TaqlA to quitting and by suggesting that
differences in DRD2 haplotypes influence smoking.

Many of the variants were not in Hardy Weinberg equilibrium in the cases, controls or both;
however, considering that neither the cases nor the controls were selected from the general
population and that both groups were selected specifically with regard to their smoking status
this is not surprising. The significant findings suggest that the variants may be related to
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smoking behaviors. Although we only found that DRD2 TaqlA was significantly related to
smoking cessation, the other variants may be related to other characteristics such as smoking
dose or age at initiation, which were not examined.

Although the DRD2 TaqlA variant is most likely not on the DRD2 gene, but on an adjacent
gene, ANKK1, it appears to act on DRD2 and result in reduced dopamine receptor density
[Neville et al., 2004]. Studies investigating the relationship between the DRD2 TaqlA variant
and smoking behaviors have had mixed results. Most studies have found increased odds of
smoking with the A1(minor) allele; however, few have reached statistical significance
[Comings et al., 1996; Noble et al., 1994; Wu et al., 2000]. A recent cross-sectional study
conducted on 2374 samples from the Prostate, Lung, Colorectal, and Ovarian (PLCO) cancer
screening trial found a significant association between DRD2 TaqlA and smoking. Participants
carrying the A1 allele were more likely to be current smokers, rather than former smokers, at
baseline [Morton et al., 2006]. Consistent with previous reports, we found that participants
carrying the Al allele were less likely to be abstinent at one year versus those who were
homozygous for the major allele. This association was apparent regardless of whether crude
odds ratios were calculated or other genetic and non-genetic variables were included in the
model.

Unlike DRD2 TaglA, no association between receptor density and DRD2 TaqIB has been
reported; however, the TaqlB has been the subject of increased study because it is closer to the
coding regions of DRD2. In two reports that investigated the relationship between this variant
and smoking, the DRD2 TaqIB minor allele (B1) appeared to be positively related to smoking;
however, this only reached statistical significance in specific subject groups [Spitz et al.,
1998; Wu et al., 2000]. A recent report looking at the relationship between this variant and
smoking withdrawal found that participants homozygous for the B2 allele experienced
improvement in their withdrawal symptoms overtime while those with the B1 allele did not
[Robinson et al., 2007].

DRD2 C957T alters protein synthesis such that the T allele results in decreased synthesis [Duan
et al., 2003]. Lerman et al. investigated potential associations between this SNP and smoking
cessation pharmacotherapy in two clinical trials. The first compared bupropion therapy to
placebo. The second compared transdermal nicotine and nicotine spray. In both, participants
with the CC or CT genotypes were less likely than those with the TT genotype to be abstinent
[Lerman et al., 2006].

Our lack of statistically significant associations between DRD2 TaqlB and C957T and smoking
cessation may be due to sample size limitations. In comparison to many other studies our
sample size of 881 is large; however, it still may not be large enough to expose statistically
significant differences in smoking behaviors related to genotype. The PLCO study reported
statistically significant results for these variants although the crude odds ratios are nearly
identical to ours [Morton et al., 2006].

The DRD2 -141C Insertion/Deletion (-141C Ins/Del) variant is a functional polymorphism
that has been shown to influence promoter activity [Blomgvist et al., 2000]. We could find
only three reports that investigated the relationship between this variant and smoking
behaviors. Our findings of no relationship between this variant and smoking status agree with
those of Yoshida and Morton [Morton et al., 2006; Yoshida et al., 2001]. Lerman et al.
examined potential associations between this SNP and pharmacotherapy as described above
for C957T. An interaction between treatment group and -141C Ins/Del genotype was observed
in both pharmacotherapy trials, and, regardless of treatment group, at the end of treatment
participants with any deletion were more likely to be abstinent [Lerman et al., 2006].
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Three studies have found an association between reduced smoking behaviors and presence of
the 9-repeat allele of SLC6A3. All three found that the 9-repeat allele had a protective effect
against smoking [Lerman et al., 1999; Sabol et al., 1999; Timberlake et al., 2006]. In contrast,
Vandenberg, et al., reported no relationship between SLC6A3 and smoking behavior among
nonsmokers (< 100 lifetime cigarettes), former smokers, and current smokers. However,
contrary to the previously reported associations, when never-smokers (0 lifetime cigarettes)
and non-smokers (>0 but <100 lifetime cigarettes) were analyzed as separate groups, the 10-
repeat allele was more frequent among never smokers [Vandenbergh et al., 2002]. Jorm et al.
found no association between the SLC6A3 gene and either smoking initiation or cessation
[Jorm et al., 2000]. Our findings for the dopamine transporter are consistent with those of Jorm
et al. in that we found no direct association between smoking and variation in the SLC6A3
gene.

Lerman et al. found that DRD2 may modified the effects of SLC6A3 such that the risk of
smoking is further reduced in individuals with both the SLC6A3-9 genotype and the DRD2
Taqgl A A2A2 genotype [Lerman et al., 1999]. In a randomized trial of bupropion for smoking
cessation, SLC6A3 was not significant as a main effect overall, but was significant among
participants with the DRD2 TaqlA A2A2 genotype. In the multivariate model in the entire
sample, the DRD2*SLC6AS3 interaction term was significant [Lerman et al., 2003]. Recently,
Timberlake et al. reported no significant interaction between DRD2 and SLC6A3 in relation to
smoking behavior [Timberlake et al., 2006]. Our findings do not support the hypothesis that a
DRD2 TaqlA by SLC6A3 gene-gene interaction exists with smoking cessation.

In the haplotype analysis we found that individuals with the A2 B2 T C haplotype were more
likely to quit smoking than those with other haplotypes, and that this relationship increased
with the number of copies of the haplotype. When individual allele frequencies are examined
in relationship to smoking abstinence, only slight differences are seen in allele frequencies
between continuing smokers and those who were abstinent at one year (data not shown), but
the combination of alleles (haplotypes) results in a strong association. This suggests that
multiple variations along the dopamine pathway may influence smoking cessation and that
association studies need to consider haplotypes rather than individual alleles.

The disparate findings related to dopamine genes and smoking cessation makes it difficult to
draw any conclusions regarding the relationship of these genes to smoking behavior. The reason
for contradicting results may be related to variation in the measurement of smoking cessation,
differences in comparison groups, and information regarding quit strategies.

The primary limitation of our study was the lack of available information on quit strategies
used by participants. Since the PLuSS study was not designed to examine smoking cessation
limited data were available regarding the number of quit attempts, the duration of each quit
attempt and the quit strategy used. Also, since participants were selected for genotyping after
they completed their annual follow-up, their smoking status could not be biochemically
verified. Our findings in a different subset of PLUSS participants allowed us to estimate that
approximately 12% of smokers may have been misclassified as nonsmokers. Moreover, the
participants likely spanned a broad range of readiness to quit. Although most probably had
some smoking-related health concerns that motivated them to enroll in PLUSS, some may have
used negative findings as reassurance that their smoking was not damaging their health.

A primary strength of this study is that data regarding smoking status were collected
prospectively and the successful quit attempt was captured in the one-year follow up time
period. Therefore, participants were similar at baseline in regard to smoking status and having
had extensive smoking histories. This study is fairly large for a longitudinal study; most studies
of this size are cross-sectional. Although PLuSS offered voluntary group behavioral counseling
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for smoking cessation participants were free to use any quit strategy available during the follow-
up year. Thus, because participants were not required to use one specific quit strategy and
because PLuSS recruited from the general population, our findings are more generalizable than
they would be if a specific strategy were prescribed. The number of DRD2-related SNPs that
we examined is a further strength of the study. The trend in gene association studies is moving
away from single SNP studies and to a deeper examination of genes by conducting haplotype
analyses.
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Allele Frequency Percent
DRD2 TaqlA
A2 1427 81.0
Al 335 19.0
DRD2 TaqlB
B2 1521 86.3
B1 241 13.7
DRD2 C957T
752 433
984 56.7
DRD2 -141C ins/del
C 1548 88.0
- 212 12.0
SLC6A3
10 1281 727
9 463 26.3
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Table V
Odds of quitting, adjusted for decade of age, gender, and time of enrollment (3 month intervals), based on the number
of copies of DRD2 haplotype 4, limited to participants with haplotype pairs that were determined with a certainty of
more than 75% (N=830)

Number of copies of haplotype 4 OR 95% ClI

1 versus 0 1.03 (0.68, 1.54)
2 versus 0 157 (1.02, 2.41)
2 versus 1 1.55 (1.07, 2.23)
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