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Abstract
Background—CHRNA5-CHRNA3-CHRNB4 and TTC12-ANKK1-DRD2 gene-clusters influence
smoking behavior. Our aim was to test developmental changes in their effects as well as the
interplays between them and with non-genetic factors.
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Methods—Participants included 4,762 subjects from a general population based prospective
Northern Finland 1966 Birth Cohort (NFBC 1966). Smoking behavior was collected at age 14 and
31 years(y). Information on maternal smoking, socio-economic status, and novelty seeking were
also collected. Structural equation modeling was used to construct an integrative etiological model
including genetic and non-genetic factors.

Results—Several SNPs in both gene-clusters were significantly associated with smoking. The
most significant were in CHRNA3 (rs1051730, P=1.1×10−5) and in TTC12 (rs10502172,
P=9.1×10−6). CHRNA3-rs1051730[A] was more common among heavy/regular smokers than
non-smokers with similar effect-sizes at age 14y [OR(95%CI):1.27(1.06–1.52)] and 31y
[1.28(1.13–1.44)]. TTC12-rs10502172[G] was more common among smokers than non-smokers
with stronger association at 14y [1.33(1.11–1.60)] than 31y [1.14(1.02–1.28)]. In adolescence,
carriers of three-four risk alleles at either CHRNA3-rs1051730 or TTC12-rs10502172 had almost
3-fold odds of smoking regularly than subjects with no risk alleles. TTC12-rs10502172 effect on
smoking in adulthood was mediated by its effect on smoking in adolescence and via novelty
seeking. Effect of CHRNA3-rs1051730 on smoking in adulthood was direct.

Conclusions—TTC12-ANKK1-DRD2s seemed to influence smoking behavior mainly in
adolescence and its effect is partially mediated by personality characteristics promoting drug-
seeking behavior. In contrast, CHRNA5-CHRNA3-CHRNB4 is involved in the transition towards
heavy smoking in mid-adulthood and in smoking persistence. Factors related to familial and social
disadvantages were strong independent predictors of smoking.
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INTRODUCTION
Tobacco smoking is the largest avoidable cause of morbidity and mortality in developed
countries. Genetic factors influence risk of initiating and persisting in smoking(1,2) as well
as the susceptibility to develop tobacco-related diseases(3–5).

Although a large number of genetic loci potentially moderating smoking have been tested,
only a few have been convincingly replicated. So far, the strongest evidence of association is
for CHRNA5-CHRNA3-CHRNB4 gene-cluster on chromosome 15q25(3,6–10). Another
chromosome region that has been linked with nicotine use is the TTC12-ANKK1-DRD2
gene-cluster on chromosome 11q23(11–13), although evidence here is less consistent.

The CHRNA5-CHRNA3-CHRNB4 gene-cluster encodes for the nicotinic acetylcholine
receptor subunits alpha five, three, and beta four. In this region, single nucleotide
polymorphisms (SNPs) repeatedly associated with smoking include a non-synonymous
(aspartic acid [D] to asparagine [N]; rs16969968) SNP at codon 398 of CHRNA5 and a
synonymous SNP (rs1051730) in CHRNA3. The asparagine allele at CHRNA5-rs16969968
has been associated with nicotine dependence/heavy smoking(7,8), pleasurable response to
smoking(9), and decreased response to nicotine agonists in vitro(14). The CHRNA3-
rs1051730[A] has been associated with nicotine dependence(3,15), smoking quantity(3), and
increased susceptibility to develop lung cancer and vascular disease among smokers(3–5).
According to a recent meta-analysis, each copy of the CHRNA3-rs1051730[A] allele
accounts only for ~0.5% of the variance in number of cigarettes smoked/day. Nevertheless
the overall P value for this large meta-analysis including >74,000 participants was ~10−73,
making this finding one of the most consistent across the entire panorama of genetic-
association studies on human behavior(16). Of note, CHRNA3-rs1051730[A] is more
common in heavy-smokers (≥10cigarette/day) than non-smokers. In contrast, frequency of
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this allele appears to be reduced, rather than increased, among light-smokers than non-
smokers (3,17).

The dopamine receptor 2 (DRD2), the ankyrin repeat and kinase domain containing 1
(ANKK1), and tetratricopeptide repeat domain 12 (TTC12) gene-cluster on chromosome
11q23 has been linked to nicotine(13,18–20), alcohol(21), and opiate(22) dependencies
indicating that genetic variation within this region might contribute to the shared liability
between different types of addictions. DRD2 has a central role in modulating the dopamine
reward system that mediates the reinforcing effect of all known addictive substances(23). In
addition, polymorphisms within this region might influence personality characteristics such
as novelty seeking(24) that are associated with increased vulnerability to different types of
addictions(25). For DRD2, the majority of studies have focused on a polymorphism known
as Taq1A (rs1800497), which has been eventually shown to map in the neighbouring
ANKK1. Studies testing association between Taq1A and smoking have reported
positive(26,27) as well as negative results(28,29).

Up to date, most of the genetic studies on smoking have focused on adulthood and little is
known about genetic factors influencing smoking in adolescence, which is a critical period
for smoking initiation(30,31). Aproximately 80–90% of adult-smokers initiate use before
age 18 years(31) and ~40% before age 14(32). Early initiation (before age 16 years) of
tobacco use is associated with increased risk of developing nicotine(33,34) and other drug
dependencies(35–37). Genetic influences moderating smoking behaviour are likely to vary
both quantitatively and qualitatively during the lifespan(38) and most of the studies
performed so far have not tested for developmental changes in gene effects. Finally,
although several whole genome association studies on smoking have been performed on
very large study samples, these studies have not taken into account gene-gene and gene-
environment interplays. In the present study, we tested the independent and combined
effects of common polymorphisms within CHRNA5-CHRNA3-CHRNB4 and TTC12-
ANKK1-DRD2 gene-clusters on smoking behaviour during adolescence and mid-adulthood
in a prospective general population based cohort including 4,762 Finns (Northern Finland
1966 Birth Cohort, NFBC 1966). We tested whether the genetic effects of these two loci on
smoking changed moving from adolescence to mid-adulthood. Finally, we tested the joint
effects of the most significantly associated loci within these two chromosome regions,
namely CHRNA3-rs1051730 and TTC12-rs10502172, and other factors that have been
previously associated with smoking in the NFBC 1966, such as maternal smoking(39),
novelty seeking(40), and socio-economic status(41–43), and we attempted to construct an
integrative, albeit incomplete, etiological model testing specific life-course pathways leading
to smoking behavior.

METHODS
Participants

We studied a subset of 4,762 individuals with phenotypic/genotypic data available from the
general population-based Northern Finland 1966 Birth Cohort (NFBC 1966) (for more
details see(44) and Supplement 1). Briefly, 12,068 pregnant women with expected dates of
delivery in 1966 were recruited from the provinces of Oulu and Lapland. Their 12,058 live-
born children, 96.3% of all eligible births, were prospectively followed until the age of 31
years. Phenotypic data were collected mainly during pregnancy/birth in 1965–67, at follow-
up in 1980 (age 14), and in 1997–8 (age 31).
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Smoking-related variables
At age 14, participants reported via a postal questionnaire if they smoked and how much
using eight options: ‘Never’; ‘I have tried once’; ‘I have tried twice or more’; ‘I smoke
occasionally’; ‘I smoke about twice a week’; ‘I smoke between 1–5 cigarettes a day’; ‘I
smoke between 6–10 cigarettes a day’; ‘I smoke more than 10 cigarettes a day’. As
before(41), adolescents who never smoked or had smoked once/twice in their lives were
classified as non-smokers; subjects reporting they had been smoking occasionally or about
twice per week as occasional-smokers; and the rest as regular-smokers.

At age 31 participants reported via postal questionnaire if they had ever smoked, and the
number of cigarettes/day they were currently smoking or used to smoke if they had quitted
during the past year. Participants were classified as: non-smokers; light-smokers (1–10
cigarettes/day); and heavy-smokers (>10 cigarettes/day).

Although smoking at 14 and 31 years were collected using different questions, there was a
stepwise association between the degrees of smoking severity at the two time points.
Occasional-smokers at age 14, as compared to non-smokers, were almost four-times more
likely to become heavy-smokers at 31 years [OR (95%CI): 4.01 (3.17–5.08), Wald-Chi-
square=78.2, df=1, p<0.0001]. Regular-smokers at age 14, as compared to non-smokers,
were almost ten-times more likely to become heavy-smokers at 31 years [OR (95%CI): 9.86
(7.12–13.66), Wald-Chi-square=189.3, df=1, p<0.0001]

Participants were classified based on change/persistence of their smoking habits from 14 to
31 years as(41):

1. Persistent-smokers (regular-smokers at age 14; heavy-smokers at age 31);

2. Late onset-smokers (non-smokers at 14; heavy-smokers at age 31);

3. Ex-smokers (regular-smokers at age 14; non-smokers at age 31);

4. Non-smokers/infrequent-smokers (non-smokers or occasional/light smokers at both
age 14 and 31).

Participants’ mothers’ smoking habits were assessed during pregnancy(39). Mothers were
classified based on the number of cigarettes they were smoking during the 2nd month of
pregnancy as: non-smokers; light-smokers (1–10 cigarettes/day); and heavy-smokers (>10
cigarettes/day). Mothers were also asked if and how much they were smoking during the
year preceding pregnancy (Supplement 1).

Novelty seeking
Novelty seeking was assessed at age 31 using the Temperament and Character Inventory
questionnaire(45).

Socio-demographic factors
Family socio-economic status, based on father’s occupation, was collected during pregnancy
and at age 14 years and was classified as: professionals; skilled-workers; unskilled-workers;
and farmers(46).

Cohort members’ socio-economic status based on occupation was collected at 31 years and
classified as: professionals; skilled-workers; unskilled-workers; farmers; and others
(students, pensioners, unemployed, and unknown).

Mothers’ marital status during pregnancy was dichotomised into married versus unmarried
(singles, divorced or widows).
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Genotyping
Genome-wide genotyping was performed at the Broad Institute Biological Sample
Repository in ~5,000 participants with DNA available using the Illumina Infinium
370cnvDuo array(47). 4,762 subjects passed quality control. All the SNPs mapping in the
two candidate chromosome regions and passing quality control(33) were used for the current
analyses.

Distributions of the different variables in the study sample and in participants who were
excluded because DNA was unavailable are shown in Table S1 (see Supplement 1). The
proportions of smoking and unmarried mothers and of unskilled-worker families at birth/14
years were greater in non-participants. Females were more eager to participate than males.
No differences were found for smoking at 14/31 years, novelty seeking, and socio-economic
status at 31 years (Table S1 in Supplement 1).

Statistical analyses
Primary association analyses were performed between all SNPs in the two chromosome
regions and smoking behavior using logistic regression run in PLINK v1.06. Smoking at age
14/31 were dichotomized to increase statistical power and entered as dependent variables.
Previous studies(3,7,17) have consistently shown an association between genetic variation
within 15q25 and heavy-smoking/dependence, but not with light-smoking(3,17,48).
Therefore, for CHRNA5-CHRNA3-CHRNB4, smoking behavior was dichotomized as: 1)
Smoking at 14: regular-smokers Vs. occasional + non-smokers 2) Smoking at 31: heavy-
smokers Vs. light-smokers + non-smokers (i.e. in both time points we compared heavier
smokers with the rest of the sample). In contrast, for the TTC12-ANKK1-DRD2 gene-cluster,
smoking behavior was dichotomized as smokers Vs. non-smokers, because we hypothesized
that genetic variation at this site might be relevant for smoking use regardless of smoking
severity.

The most statistically significant SNPs, namely CHRNA3-rs1051730 and TTC12-
rs10502172, were selected for further analyses. Main effects of CHRNA3-rs1051730 and
TTC12-rs10502172 on smoking behaviours were tested using multinomial-logistic
regression run in SAS v9.2. Smoking at 14 and 31 years were coded using three categories
(age 14: regular/occasional/non-smokers; age 31: heavy/light/non-smokers) with non-
smokers being the reference category.

The combined effect of TTC12-rs10502172 and CHRNA3-rs1051730 on smoking was tested
under a multiplicative as well as an additive model by using regression analyses. For the
additive model, the cumulative number of risk alleles at either TTC12-rs10502172 or
CHRNA3-rs1051730 was used as a predictor.

Linear regression was used to test the two SNPs’ effects on novelty seeking.

In all the above-described analyses covariates entered in the regression models included:
sex, maternal smoking, socio-economic status at 14/31 years and principal components
computed from the genome-wide data to control for population stratification(47,49)
(Supplement 1).

Haplotype-structures of the two regions were computed with Haploviewv3(50) and
haplotype-association analyses were performed using χ2-test in PLINK (Supplement 1).

At age 31 years, the inclusion among non-smokers of participants who were not current-
smokers but used to smoke in the past might have potentially confounded our results.
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Analyses performed excluding these participants left results substantially unchanged (Tables
S7-S9 in Supplement 1).

Structural equation modeling (SEM) was used to construct an integrative model including
both genetic and non-genetic risk factors. Probit regression was fitted using the robust
weighted least squares estimation. To increase statistical power, all smoking-related
variables were dichotomized. To keep for multiple testing at a minimum, only variables with
significant effects on smoking at either age 14 or 31 were entered into the model. Maternal
smoking and smoking at 14 years were coded as smokers Vs. non-smokers (due to the
relative low number of heavy/regular-smokers in these two groups); smoking at 31 years
was coded as heavy-smokers vs. light+non-smokers (to allow the detection of CHRNA3-
rs1051730 effect on smoking). Effect sizes of the predictors on outcome variables are
expressed as un-standardized and standardized beta estimates. The beta coefficients are
interpreted in z-score metrics since the probit analysis is based on the cumulative normal
probability distribution. The standardized beta coefficients are used to compare the relative
importance of the different predictors as they describe the change in standard deviation (SD)
units of the outcome variable per each SD change in a continuous predictor and per change
from 0 to 1 for a binary predictor. For binary outcomes, a latent underlying continuous
variable is assumed. Total effects of predictors on outcomes were computed by adding
indirect and direct effects together. The overall model fit was evaluated in terms of the
comparative fit index(CFI) and root mean square error of approximation(RMSEA). A
CFI>0.95(51) and RMSEA<0.05(52) were used as indicative of good fit. SEM was
performed using Mplus v.3.12(53)

RESULTS
Several SNPs in both chromosome regions were significantly associated with smoking
(Figure-1, Tables S2 and S3 in Supplement 1).

For CHRNA5-CHRNA3-CHRNB4, the most significant SNP was rs1051730 (P=1.1×10−5)
mapping in CHRNA3 (Figure-1, Table S2 in Supplement 1). Carriers of rs1051730[A] were
at increased risk of being heavy/regular smokers than non-carriers with similar effect-size at
age 14 [OR(95%CI):1.27(1.06–1.52)] and 31 years [OR(95%CI):1.28(1.13–1.44)]. As
expected(3,48), carriers of rs1051730[A] were not at increased risk of being light/occasional
smokers compared with non-carriers (Table 1)(3).

For TTC12-ANKK1-DRD2, the most significantly associated SNP was rs10502172
(P=9.1×10−6) mapping in TTC12. Also ANKK1-rs2734849 and DRD2-rs1076563 were
significantly associated (Table S3 in Supplement 1). In adolescence, TTC12-rs10502172[G]
conferred increased risk of both smoking regularly [OR(95%CI):1.33(1.11–1.60)] and
occasionally [OR(95%CI):1.29(1.12–1.48)]. TTC12-rs10502172[G] effect was weaker at
age 31 [ORs~1.13–1.14] than 14, but still significant (Table 1).

Patterns of association observed at age 14 were similar to patterns observed at 31 and very
different for the two loci. For CHRNA3-rs1051730[A], at both time points, association was
driven by the category including the heaviest smokers. In contrast, TTC12-rs10502172[G] is
equally overrepresented in low- and high-quantity smokers than non-smokers at both time
points (see Table 1).

Of note, the most significant associations survived Bonferroni correction (Bonferroni-
corrected level of significance for 49 SNPs is 0.001).
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Haplotype analysis
For chromosome 15q25 we identified two haplotype-blocks (Figure S2 in Supplement 1).
Significant differences in haplotype frequencies between heavy-smokers and light/non-
smokers were found in both blocks mainly at age 31 (Table 2).

For chromosomes 11q23 we identified three haplotype-blocks (Figure S3 in Supplement 1).
Significant differences in haplotype frequencies between smokers and non-smokers were
found only in Block-2 (Table 3). Haplotype AAGGGAAAAGGGACGGGA appeared to be
protective with stronger effect at age 14 than 31. In the same block, haplotype
GGGGAGGGAGAGGAGGGG was associated with increased risk of smoking at age 14 but
not 31.

None of the haplotypes tested displayed a stronger association signal as compared to
rs1051730[A] and rs10502172[G] alone. Therefore, for all the following analyses genetic
effects were modeled as rs1051730[A] and rs10502172[G].

Combined effect of TTC12-rs10502172 and CHRNA3-rs1051730
Applying a multiplicative model, we found no significant interaction between TTC12-
rs10502172 and CHRNA3-rs1051730 (Age 14: Wald-Chi-square=1.26, df=2, P=0.53; Age
31: Wald-Chi-square=0.81, df=2, P=0.67). In adolescence, the combined effect of these two
loci seemed additive (Figure 2). Carriers of three/four risk alleles (20% of the population)
had almost 3-fold increased odds of smoking regularly and almost 2.5-fold increased odds of
being occasional-smokers as compared to subjects with no risk alleles (9% of the
population). Carriers of 1–2 risk alleles had an intermediate risk pattern.

Impact of TTC12-rs10502172 and CHRNA3-rs1051730 on change/persistence of smoking
habits

Carriers of TTC12-rs10502172[G] had 1.64 increased odds (95%CI: 1.10–2.45) of being ex-
smokers than non-carriers. In contrast, carriers of CHRNA3-rs1051730[A] were more likely
to be persistent-smokers [OR(95%CI):1.58(1.23–2.04)] and late onset-smokers
[OR(95%CI):1.16(1.01–1.34)] than non-carriers (Table 4).

Impact of maternal smoking
Offspring of mothers who were smoking 1–10 cigarettes/day in pregnancy were at increased
risk of being regular smokers at age 14 [OR(95%CI):2.04(1.49–2.79)] and heavy-smoker at
age 31 [OR(95%CI):1.74(1.38–2.19)](Table 1). The same trend was observed for offspring
of mothers smoking ≥10 cigarettes [OR(95%CI):1.84(0.90–3.76) for age 14 and 1.54(0.91–
2.59) for age 31], although in this case differences were non-significant, probably because of
the low number of heavily smoking mothers (N=96). The effect of maternal smoking during
pregnancy became non-significant after adjusting for maternal smoking before pregnancy
(Age 14:P=0.50; Age 31:P= 0.59).

Offspring of mothers smoking heavily during pregnancy more likely carried CHRNA3-
rs1051730[A] than offspring of non-smoking mothers [OR(95%CI):1.39(1.04–1.87),
P=0.03]. No differences in frequency of CHRNA3-rs1051730[A] were found when
comparing offspring of mothers smoking 1–10 cigarettes/day with offspring of non-smoking
mothers. No significant correlation was found between maternal smoking and genotype at
TTC12-rs10502172[G] (see Supplement 1).

No significant multiplicative interactive effects were found between maternal smoking and
genotype at TTC12-rs10502172/CHRNA3-rs1051730[A] except for a significant interaction
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between maternal smoking and CHRNA3-rs1051730[A] on occasional-smoking at 14 (see
Supplement 1).

Novelty seeking
Novelty seeking was positively correlated with smoking behavior both at age 14 and 31 as
previously reported(40) (Age 14: Spearman correlation coefficient=0.11, P<0.001; Age 31
years: Spearman correlation coefficient =0.16, P<0.001).

TTC12-rs10502172[G] was associated with increased novelty seeking (beta=0.27, SE=0.13,
P=0.04). No association was found for CHRNA3-rs1051730[A] (beta=0.005, SE=0.14,
P=0.97).

Structural Equation modeling
The structural equation model including the different genetic and non-genetic predictors of
smoking behavior is shown in Figure 3 (see also Table 5, and Table S8 in Supplement 1).
The model fitted the data quite well (RMSEA=0.022, CFI=0.85).

The effect of TTC12-rs10502172[G] on smoking at age 31 was mainly indirect and mediated
via its effect on smoking at 14 and novelty seeking. In contrast, the effect of CHRNA3-
rs1051730[A] on smoking in adulthood was mainly direct and not mediated by smoking in
adolescence or novelty seeking. Low socio-economic status and unmarried status during
pregnancy were associated with maternal smoking, which in turn was positively associated
with smoking behaviors in the offspring both at age 14 and 31. Low socio-economic status
was independently associated with increased smoking behavior in the offspring both in
adolescence and adulthood. High novelty seeking was associated with increased smoking
behavior at both 14 and 31 years. Men as compared to women were at increased risk of
smoking at 31 but not at 14 years.

DISCUSSION
Our data provide further support for the association between smoking and common genetic
variation within CHRNA5-CHRNA3-CHRNB4 and TTC12-ANKK1-DRD2 gene-clusters and
indicate that these two loci are likely to be involved in different pathways leading to
smoking behavior from adolescence to mid-adulthood.

As previously found(3,4,15,16,54), for CHRNA5-CHRNA3-CHRNB4, the most significantly
associated allele was rs1051730[A]. Each copy of rs1051730[A] was associated with a 1.27
increased odds of being a heavy/regular-smoker with a similar effect size in adolescence and
mid-adulthood. In line with previous studies(3), frequency of rs1051730[A] was not
increased in low-quantity smokers compared to non-smokers(3). This pattern of association
suggests that rs1051730 is unlikely to influence smoking initiation, but is more likely to
influence smoking severity among subjects who have been already exposed to
smoking(3,17). Indeed, if rs1051730 was associated with increased risk of smoking
initiation we would have expected an excess of the A allele also among low quantity-
smokers. In addition, most of the CHRNA3-rs1051730[A] effect on smoking behavior in
adulthood appears to be direct and not mediated by smoking in adolescence, which is the
period of life when smoking initiation occurs in 80–90% of the cases(30,55). We have also
shown that rs1051730[A] is associated with increased risk of smoking persistence.
CHRNA3-rs1051730 is located in a region of high linkage disequilibrium. In this regard,
genotype at rs1051730 is highly correlated (r2=0.9 in Caucasians) with genotype at a non-
synonymous (aspartic acid [D] to asparagine [N]; rs16969968) SNP mapping in CHRNA5.
The asparagine allele at rs16969968 has been shown to moderate nicotine response both in
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vitro(14) and in vivo(9). Of note, the asparagine allele is on the same haplotype-background
of 1051730[A] and might therefore be the ‘risk’ variant in this region.

Positive associations between variation in TTC12-ANKK1-DRD2 and smoking have been
already reported(8,11,12,19,20). In our study, the most significantly associated allele was
rs10502172[G] mapping in TTC12. Additional alleles that were significantly
overrepresented in smokers than non-smokers, were ANKK1-rs2734849[A] and TTC12-
rs2303380[G]. The same alleles at these two loci were associated with nicotine dependence
in two previous studies(11,12). Haplotype-analyses were conducted to help narrow the
location of a susceptibility locus, although the high linkage disequilibrium across the entire
region limits the possibility to exactly localize the association signal. A protective
haplotype, namely AAGGGAAAAGGGACGGGA, spanning block-two, was significantly
associated with smoking. Interestingly, haplotype GGGGAGGGAGAGGCGGGA, which
shares the same allelic configuration as AAGGGAAAAGGGACGGGA at the last five
markers, was found to have the same frequency in smokers and non-smokers. This result
indicates that the potential ‘causal locus’ might map within the first part of block-two that
covers the 3′ region of TTC12, ANKK1, and the 5′ region of DRD2. A possible functional
locus here is rs2734849, a missense variation leading to a Histidine to Arginine substitution
at codon 490 of the ANKK1 gene that appears to be involved in regulation of DRD2
expression(11).

The impact of the TTC12-ANKK1-DRD2 on smoking behavior was stronger in adolescence
(OR for TTC12-rs10502172[G] ~1.30) than mid-adulthood (OR~1.15). This result suggests
that TTC12-ANKK1-DRD2 impact on smoking behavior tends to decrease over time. Further
supporting this hypothesis, TTC12-rs10502172[G] effect in adulthood was entirely mediated
by its effect on smoking in adolescence and by high novelty seeking, a temperamental trait
that is characterized by increased tendency to experiment psychotropic substances and that
tends to decline with age(25,56). Indeed, at age 31, TTC12-rs10502172[G] was found in
excess among ex-smokers, indicating that not all individuals carrying this risk variant and
initiating smoking in adolescence continue smoking in adulthood and that other genetic and/
or environmental factors are likely to influence smoking persistence.

In contrast with our finding, recent genome wide association studies on smoking have found
no evidence for association within TTC12-ANKK1-DRD2(3,6,48). A plausible explanation
for this discrepancy is the difference in age in the conducted studies as compared to our
study. In Thorgeirsson et al(3) the mean ages of samples included were older than 50 years.
Similarly, in Caporaso et al(48) more than 80% of participants were older than 60 years.
According to our results, TTC12-ANKK1-DRD2 effect on smoking decreases from age 14 to
age 31 years and might become undetectable at later ages. This result also underlies that
more studies conducted in young cohorts are needed. Genes influencing smoking behavior
in adolescence are likely to partially differ from genes influencing smoking in adulthood and
old age(38) and whole genome association studies in adolescents might therefore enable the
discovery of novel risk variants for smoking.

As previously found, maternal smoking during pregnancy was a strong risk factor for
smoking behavior in the offspring and it was linked with multiple indices of social
disadvantage(39). The effect of maternal smoking in pregnancy on offspring’s smoking
habits is likely to reflect a mixture of genetic and environmental contributors to liability. A
genetic mechanism might be due to the fact that mothers who smoke during pregnancy
might be more likely to carry and transmit risk alleles to their offspring. Although we could
not directly test this hypothesis because DNA from mothers was unavailable, rs1051730[A]
has been previously associated with inability to quit smoking in pregnancy(57). In our study,
offspring of mothers smoking heavily during pregnancy were more likely to carry CHRNA3-
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rs1051730[A] as compared to the offspring of non-smoking mothers. This association might
reflect an excess of A alleles in mothers smoking during pregnancy. Besides a gene-
mediated effect, maternal smoking during pregnancy might increase the risk of smoking in
the offspring via intrauterine exposure to nicotine(58). In our data, the effect of maternal
smoking in pregnancy became non-significant after adjusting for maternal smoking before
pregnancy. This indicates that the observed association between maternal and offspring
smoking behaviors is not likely to reflect a prenatal exposure, but more likely a postnatal
mechanism [i.e. mothers smoking during pregnancy are probably more likely to smoke also
after delivery exposing their offspring to a tobacco enriched environment(58)].

In our study, men were three-times more likely to smoke heavily than women at age 31. In
contrast, sex differences were not found in adolescence. This is in line with findings
showing overlapping smoking rates in boys and girls younger than 16 years(59) and
increased rates among boys than girls aged >16 years(59) and among adult men than
women(60). A plausible explanation is that sex differences in smoking habits might become
evident only after puberty because they are mediated by differences in sex-hormone
levels(61,62).

Results from this study should be interpreted in the context of some limitations: smoking
behavior was collected only at two time points; since our sample is a community-ascertained
sample we did not include many heavy-smokers; we are missing some psychosocial risk
factors for smoking behavior (e.g. parental attitudes, peer influences); our sample includes
only Finns limiting the generalizability of our findings to non-Finnish populations. Specific
strengths of this study include: longitudinal design with all the phenotypic characteristics
collected prospectively limiting recall bias; our study sample is general population-based
increasing the ecological validity of our findings.

In conclusion, our study further supports the role of genetic variation within CHRNA5-
CHRNA3-CHRNB4 and TTC12-ANKK1-DRD2 gene-clusters on smoking and suggests that
they are involved in different stages of the multi-step process leading to nicotine addiction.
Variation at TTC12-ANKK1-DRD2 seems to influence risk of smoking in adulthood via its
effect on smoking in adolescence and via increased novelty seeking. In contrast, genetic
variation at CHRNA5-CHRNA3-CHRNB4 seems mainly involved in the transition towards
heavy use in mid-adulthood and in smoking persistence. Further studies are needed to
identify new genetic loci moderating smoking behavior in adolescence and early adulthood.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Association between smoking behavior during adolescence and adulthood and genetic
variation in the two candidate chromosome regions. A and B: the 11q23 region; C and D:
the 15q25 region. Blue diamond indicates the most significantly associated SNP. For other
SNPs, diamonds are colored in a white-to-red scale corresponding to r2 values from 0 to 1
with either rs1051730 or rs10502172. SNP position refers to NCBI build 35. Estimated
recombination rates are from Hapmap and gene annotations from UCSC genome browser
using build 35 coordinates.
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Figure 2.
Combined effect of CHRNA3-rs1051730 and TTC12-rs10502172 on smoking behavior in
adolescence and mid-adulthood. Odds ratios (OR) and 95% confidence intervals (CI) are
computed using multinomial logistic regression and adjusted for principal components,
gender, maternal smoking during pregnancy, and socio-economic status.
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Figure 3.
Integrative etiological model for smoking behavior from adolescence to mid-adulthood. Path
coefficients are standardized probit regression estimates computed via structural equation
modeling, and thicknesses of path lines are proportional to the estimates. Non-significant
(p>0.05) paths are shown with dashed lines. Socio-economic status at 31: Others: students,
pensioners, long-term unemployed, not defined. Maternal smoking: smokers are compared
to non-smokers; smoking at 14 years: smokers are compared to non-smokers; smoking at 31
years: heavy-smokers are compared to light/non-smokers.
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