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Abstract
Aims—To confirm and extend to primary care settings prior genome-wide association results that
distinguish smokers who successfully quit from individuals who were not able to quit smoking in
clinical trials.

Materials & methods—Affymetrix® 6.0 Arrays were used to study DNA from successful
quitters and matched individuals who did not quit from the Patch in Practice study of 925 smokers
in 26 UK general practices who were provided with 15 mg/16 h nicotine-replacement therapy and
varying degrees of behavioral support.

Results—Only a few SNPs provided results near ‘genome-wide’ levels of significance.
Nominally significant (p < 0.01) SNP results identify the same chromosomal regions identified by
prior genome-wide association studies to a much greater extent than expected by chance.

Conclusion—Ability to change smoking behavior in a general practice setting appears to share
substantial underlying genetics with the ability to change this behavior in clinical trials, though the
modest sample sizes available for these studies provides some caution to these conclusions.
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Twin studies document substantial heritability for the ability to successfully abstain from
smoking [1,2]. Vulnerability to becoming dependent on addictive substances also displays
substantial heritability that is largely shared between dependences on different addictive
substances [3–7]. Twin study results suggest that some, but not most, of the genetic
influences on the ability to quit smoking are shared with the genetics of developing
dependence on an addictive substance [1,2].

Many current analyses of genome-wide association (GWA) data seek individual genomic
markers whose allele frequencies display ‘genome-wide’ significant differences between
cases and controls in individually genotyped samples. We have recently reported apparent
success using different analyses of GWA data for success in quitting smoking in four
independent samples of carefully monitored individuals who attempted to quit smoking in
clinical trials or in the community [8,9]. No result from any of these studies achieved
genome-wide significance. However, the molecular genetic results from these independent
samples display substantial convergence with each other in analyses that we have termed
‘nontemplate’. Nominally positive results from each of these samples, and in other work that
is under review, cluster in small chromosomal regions to extents far greater than we would
expect by chance. These results also display modest convergence with molecular genetic
data for vulnerability to dependence on nicotine and other addictive substances [8,10–14].
For example, genes for two cell-adhesion molecules, CDH13 and CSMD1, are identified by
clusters of such nominally significant SNPs in at least four of six other samples that compare
successful quitters with unsuccessful quitters and at least four of seven other samples that
compare substance-dependent with control individuals (Monte Carlo p < 0.0001 for each)
[15,16, Rose JE et al., Submitted].

In one of the largest reported trials of smoking cessation in primary care settings, Patch in
Practice (PIP) study investigators studied the influences of differing intensities of behavioral
support on smoking cessation, aided by 15 mg nicotine patches, in smokers recruited at UK
general practices in Buckinghamshire and Oxfordshire [17]. We now report ‘nontemplate’
analyses of GWA data that compares individuals from this trial who were successful versus
unsuccessful in achieving biochemically monitored 12-week abstinence. SNP data from
Affymetrix® 6.0 Array (Affymetrix, CA, USA) studies of these samples identified many of
the same chromosomal regions previously identified in other samples based on data for
smoking cessation and vulnerability of smokers to physiological dependence on nicotine.
We discuss the significant limitations of this dataset, including substantial limitations based
on the modest number of successful quitters in this sample. We also discuss the ways in
which the results provide support for previous GWA results for the molecular genetics of
smoking cessation from clinical trial and community-based samples employing a variety of
behavioral and pharmacological strategies.

Materials & methods
Samples

The PIP study identified individuals who were over 18 years old, smoked more than ten
cigarettes per day and were recruited in general practices in Buckinghamshire and
Oxfordshire in the UK by referral from their general practitioners, advertisements and direct
mail contacts. Smokers were treated with 15 mg/16 h nicotine patches and followed with
different levels of behavioral support. Abstinence was monitored at 1, 4, 12 and 26 weeks
from quit dates using exhaled carbon monoxide (CO) levels and/or salivary cotinine
assessments. The abstinence phenotype used for the current study was based on data from
telephone contacts 12 weeks after the quit date. Individuals who reported abstinence were
biochemically confirmed by in-person evaluation producing salivary cotinine concentrations
of less then 15 ng/ml and/or CO levels of over 10 ppm.
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A total of 925 smokers were recruited between July 2002 and March 2005. Approximately
12% were recruited from practices in which smokers were invited by letter.

Samples of DNA extracted from the blood of these subjects was re-quantitated. DNA was
available from 108 individuals who remained abstinent at the 12-week time point. These
individuals were matched to 216 individuals who were abstinent at no time point and who
were similar for gender and degree of baseline dependence assessed using the Fagerström
Test for Nicotine Dependence (FTND). These samples provided the basis for six pools (n =
18 in each) that contained DNA from all individuals who self-reported abstinence, with
biochemical confirmation, at this 12-week follow-up time point (successful quitters) and 12
pools (n = 18 in each) of individuals who never displayed self-reported abstinence at any
follow-up time (unsuccessful quitters), who were selected based on matches to features
noted for the successful quitters. Successful and unsuccessful quitters were similar for
gender, baseline scores on the FTND and the fraction who reported prior unsuccessful
attempts to quit [Uhl G, Unpublished Data].

Our nontemplate GWA pooled genotyping reduced costs, allowed us to assess high densities
of genotypes in these subjects while providing no threat of loss of genetic confidentiality to
these individual research volunteers, and allowed us to use methods that provided over 0.98
correlations between individual and pooled genotyping in validating studies [18,19, Drgon T
et al., Submitted]. Hybridization probes were prepared with precautions to avoid
contamination, as described (Affymetrix Assay 6.0, [18]). For each pool, 250 ng of pooled
DNA was processed, labeled and hybridized to Affymetrix 6.0 arrays according to the
instructions of the manufacturer (Affymetrix) and [18–20]. Quality controls for assays were
performed as recommended (Affymetrix, Online Supplementary Table 1, available at
www.futuremedicine.com/doi/suppl/10.2217/pgs.09.156/suppl_file/suppl_table_1.xls).

Identification of nominally positive SNPs—Allele frequencies for each SNP in each
DNA pool were assessed based on the intensities of hybridization to the 3–4 ‘perfect match’
cells on each of three arrays, as described [18,19]. We deleted data from SNPs whose
chromosomal positions could not be adequately determined and from SNPs on sex
chromosomes, allowing us to combine data from male and female subjects and increase
overall power. Based on the modest variances obtained, we identified SNPs that display t-
values with p-values of less than 0.01 ‘nominally positive’ significance in comparison of
data from quit success versus failure pools. Based on the high density of SNPs available on
these arrays, we used a criterion of clusters of four nominally positive SNPs (see later).

Identification of genomic regions and genes that contained clustered positive
SNP data from these samples—We performed preplanned primary nontemplate GWA
analyses as previously described [15]. We identified SNPs that display t-values with p-
values of less than 0.01 nominally positive significance in the comparison of data from quit
success versus failure pools and cluster in small chromosomal regions, so that at least four
of these nominally positive SNPs lay within 10 kb (or 25 kb) of other nominally positive
SNPs. A number of these clustered, nominally positive SNPs identify genes; many of them
also lie between currently annotated genes.

To seek additional support for the chromosomal regions identified by these clusters of
nominally positive SNPs, we sought additional association signals in these same regions
from clustered, nominally positive SNPs identified in relevant independent GWA studies:
each of the three samples from Uhl et al. (500–600,000 SNP GWA studies of smokers who
were successful versus unsuccessful in quitting in clinical trial settings) [8], Drgon et al.
(500,000 SNP GWA studies of smokers who quit versus those who continued to smoke in
community settings) [9], Bierut et al. (38,000 SNP GWA studies of nondependent [FTND]
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versus dependent [FTND] smokers) [12] and Drgon et al. (1 million SNP GWA studies of
smokers who quit and those who continued to smoke in a clinical trial of denicotinized
cigarettes) [16]. To provide insights into some of the genes likely to harbor variants that
contribute to individual differences in ability to quit, we identified genes that are identified
by overlapping clusters of positive SNPs from the current and at least two other quit success
or addiction vulnerability samples.

We compared the observed results to those expected by chance using 10,000 Monte Carlo
simulation trials, as described previously [21]. For each trial, a randomly selected set of
SNPs from the current dataset was assessed to see if it provided results equal to or greater
than the results that we actually observed. The number of trials for which the randomly
selected SNPs displayed (at least) the same features as the observed results was then tallied
to generate an empirical p-value. These simulations thus correct for the number of repeated
comparisons made in these analyses. This is an important consideration in evaluating these
GWA datasets. We also performed permutation analyses to provide a secondary assessment
of significance. For each trial of the permutation analyses, we labeled results from randomly
selected DNA pools as successful or unsuccessful, repeated the analyses used herein, and
assessed the extent to which the results demonstrated the extent of chromosomal
convergence that was identified by the results of our bona fide analyses.

To assess the nominal power of our current approach, we used current sample sizes and
standard deviations, the program PS v2.1.31 [22,23] and α = 0.05 (Figure 1). We note that
these data provide only nominal power, and do not correct for the large numbers of repeated
comparisons provided by the SNPs assessed by these arrays. To provide controls for the
possibility that quit success failure differences observed herein were owing to occult ethnic/
racial allele frequency differences or noisy assays, we assessed the overlap between the
results obtained here and the SNPs that displayed the largest allele frequency differences
between African–American versus European–American control individuals evaluated in
previous GWA datasets from our laboratory [Drgon T et al., Submitted] and the largest
assay ‘noise’.

Secondary analyses seeking overall differences between successful quitters
& nonquitters using principal component analyses—We performed principal
component analyses for the SNP datasets. A first principal component appeared to reflect
noise, not relating to phenotype [Uhl G, Unpublished data]. However, a second principal
component appeared to distinguish pools of individuals who successfully quit smoking from
those who continued to smoke. We performed nominal t-tests to compare the component 2
coefficients for successful versus unsuccessful quitters.

Results
We assessed allele frequencies in multiple pools of DNA from smokers who remained
abstinent for at least 12 weeks after the quit date versus those who were not abstinent at any
time point. For SNPs, there was modest variability among replicate arrays (n = 3) that
assessed the same pool; the standard error of the mean value was 0.05. There was also
modest variability among the different pools that assessed the same phenotype; the standard
error of the mean was 0.018. For the quitter versus nonquitter comparisons, these samples
and estimates of variance thus provide 0.26, 0.78, 0.98 and 0.99 nominal power to detect
allele frequency differences of 2.5, 5, 7.5 and 10%, respectively (Figure 1).

Unsuccessful versus successful quitters
When we compare data from unsuccessful versus successful quitters, there is significant
clustering of nominally positive SNPs in small chromosomal regions. There are 107,455
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nominally positive SNPs that display allele frequency differences with nominal p-values of
less than 0.01. A total of 41,319 of these nominally positive SNPs fall into 6,743 clusters of
at least four nominally positive SNPs separated from each other by 10 kb or less. Monte
Carlo p-values for this degree of clustering are less than 0.0001; we would have expected
only 21,518 SNPs to cluster in this fashion by chance. Applying a different set of criteria
based on distances of 25 kb between nominally positive SNPs leads to the identification of
74,616 clustered, nominally positive SNPs in 8825 clusters (p < 0.0001). In addition, none
of the 1000 permutation tests in which six pools were randomly assigned to be
‘pseudoabstinent’ and 12 pools randomly assigned to be ‘nonabstinent’ ever identified as
many SNPs that achieved nominally significant results or clustered in small chromosomal
regions as found in the actual dataset (thus p < 0.001).

Unsuccessful versus successful quitters: principal components analysis
Principal component analyses analyses also provided evidence that helped to confirm the
overall assessment of nonrandom differences between genotypes of successful versus
unsuccessful quitters. The first principal component from these analyses appeared to reflect
noise, and did not appear to separate DNA pools from successful versus unsuccessful
quitters [Drgon T, Unpublished Data]. By contrast, the second principal component clearly
separated the quitters from nonquitters (Figure 2). Although this component accounted for
only 0.5% of the variance in the SNP genotypes, the component 2 coefficient for quitter
versus nonquitter pools displayed highly significant differences (p = 0.0001 by t-test;
Kolmogorov–Smirnov test D = 1; p = 0.0001). While we cannot exclude the possibility that
the second principal component presents a false-positive finding, in conjunction with the
primary analysis, it adds to our confidence that there exists a portion of SNPs that
distinguish between these two groups of individuals. Monte Carlo models of similar datasets
suggest that such an event is highly unlikely [Drgon T, Unpublished Data].

Overlap with data from previous quit-success samples
These data for clustered, nominally positive SNPs from the current dataset provide
significant overlap with genes Table 1 (and intragenic regions, Online Supplementary Table
1, www.future-medicine.com/doi/suppl/10.2217/pgs.09.156/suppl_file/suppl_table_1.xls)
that have been identified by other relevant datasets. Thus, they identify the same small
chromosomal regions within genes that are identified by nominally positive results in other
studies to extents much greater than we would expect by chance. The clustered nominally
positive SNPs from the current dataset (e.g., of ≥ four nominally positive SNPs within 25 or
10 kb of each other) provide highly significant overlap with data from each of the three quit
success samples reported [8]. Overlaps between the clusters of nominally positive SNPs
from this current dataset with previously reported results from the samples from Lerman and
coworkers, Niaura and coworkers and Rose and coworkers [8], which identified 100, 217
and 183 clusters of nominally positive SNPs, respectively (p < 0.0001 for each comparison).
The four-SNP/10-kb clusters from the current work also displayed significant overlap with
the clustered, nominally positive SNPs reported in [9]. Overlaps with these data identified
78 clusters of nominally positive SNPs (p < 0.0001). Finally, these four-SNP/10-kb clusters
from the current samples identified 68 clusters from comparisons between successful and
unsuccessful quitters studied in clinical trials of denicotinized cigarettes [16]. The overlaps
between the clustered, nominally positive SNPs from the 25-k results from the current
sample and the clustered, nominally positive SNPs from at least one other sample of
successful versus unsuccessful quitters and/or nicotine dependence identified 245
chromosomal regions. A total of 141 of these regions contain 210 annotated genes (Table 1).
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Overlap with data from substance dependence GWA
The clusters of four nominally positive SNPs from the data that compare individuals who
are successful versus those who are unsuccessful in quitting smoking in the current trial also
overlap at greater-than-chance levels with data from studies that compare nondependent to
dependent smokers. Data that overlap with nominally significant results reported by Bierut
et al. [12] identifies 1481 SNPs that lie within 50 kb of one of the clusters of nominally
positive results from the current data (p < 0.001). The overlaps between the clustered,
nominally positive SNPs from the current sample and the clustered, nominally positive
SNPs from comparisons of controls to European–American individuals dependent on at least
one illegal substance identify 4017 small chromosomal regions (p < 0.0001) [Drgon T et al.,
Submitted].

Possible alternative explanations for observed results
We would anticipate the observed, highly significant clustering of SNPs that display
nominally positive results if many of these reproducibly positive SNPs lay near and were in
linkage disequilibrium with functional allelic variants that distinguished subjects who were
more able to quit smoking from those who were less able. We would not anticipate this
degree of clustering if the results were due to chance. The Monte Carlo p-values noted here
are thus likely to receive contributions from both the extent of linkage disequilibrium among
the clustered, nominally positive SNPs and the extent of linkage disequilibrium between
these SNPs and the functional haplotype(s) that lead to the association with quit success.

Control for occult stratification was based on examining the overlap between the 41,319
clustered positive SNPs from the present quit-success analyses with the 2.5% of the SNPs
for which the racial/ethnic differences in control individuals from prior datasets were largest.
We identified 1177 SNPs with these properties; 1033 SNPs would have been expected by
chance. Controls for noisy SNPs found that 418 of the clustered nominally positive SNPs
overlapped with the set of SNPs that provided the largest variance, while 569 would have
been expected by chance.

Control of false negatives and false positives arising due to the differences in the local
density of available SNPs in different genomic regions was carried out thus: a false-negative
region may fail to be detected because it does not contain four SNPs within 10 or 25 kb,
while a false-positive region can be detected because of its high local SNP density. Overall
genomic SNP density for the SNPs on the arrays is approximately 3.26 SNPs per 10 kb. For
the regions detected by the 10-kb clusters, density is 7.85 SNPs per 10 kb; for the 25-kb
clusters, density is 5.27 SNPs per 10 kb. However, the fraction of the total genome detected
by any single study is quite small. Monte Carlo convergence p-values account for these
differences in SNP density (random SNP-dense regions are more likely to be detected in
simulation trials, therefore decreasing the Monte Carlo convergence p-values), and show
that no two samples would ever converge to the degree shown here by chance.

Discussion
The current results provide few results with genome-wide significance in this dataset when
evaluated alone. However, they provide independent support for GWA results from prior
studies of smoking cessation success in clinical trial and community settings. The substantial
overlaps between these data and those obtained previously support the idea that the ability to
quit in primary care settings appears to share genetic influences with the ability to quit in
clinical trial or community settings. The current results also appear to support a significant,
though more modest, overlap between allelic variants that alter one's vulnerability to
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develop dependence on an addictive substance versus those that alter one's ability to quit
smoking, as we have noted in prior analyses [15].

These observations can be discussed in light of the strengths and limitations of the current
dataset. The data display several strengths:

• The similar clinical characteristics and the modest pool-to-pool variation provide
reassurance that these UK smoking cessation subjects may not differ markedly
from the European–American smoking cessation subjects who were previously
studied;

• The subjects were carefully followed with biochemical monitoring of self-reported
abstinence;

• The pooled genotyping methods that we use herein have been extensively validated
in prior work and demonstrate modest variance in the current studies;

• Many more of the positive results from this work (than we would expect to do so
by chance) identify the same chromosomal regions that were identified by other
studies of smoking cessation and/or vulnerability to develop nicotine dependence in
smokers with largely European genetic backgrounds.

There are major and minor limitations of the present work. The major limitation is based on
the relatively modest number of successful quitters in this trial. Although we have worked to
match these individuals to twice their number of nonquitters, limitations from this modest
sample size reduce our confidence in the genes that are identified in this work but not in
prior studies, and negative data concerning any gene that has been reproducibly identified in
prior studies but not in the current work. Although we have provided extensive validation of
the pooled genotyping methods for the SNP probes used here, the modest variance
introduced by the pooling approach, combined with the modest sample size, does provide an
additional limit to interpretation of data from SNP probes; the chromosome 15 cluster of
nicotinic acetylcholine receptor genes that has been reproducibly identified in comparisons
of heavy, physiologically dependent smokers with light smokers with less physiological
dependence has not been identified in the current work, or in several other comparisons of
successful quitters versus unsuccessful quitters [12,14]. The comparisons with results from
other studies that help us to validate many of the findings from the current work do not
represent conventional meta-analyses that seek to combine data for the same SNPs from
multiple samples. Only a modest proportion of the SNPs assessed in the current samples are
represented on the arrays used for prior studies. Nevertheless, since virtually all of the SNPs
from each study can be accurately positioned on the human genome, identification of
overlapping chromosomal regions does provide a reasonable, although less rigorous, means
for assessing the extent to which results from different studies provide support for the results
from other technically distinct studies of similar phenotypes. Differences in local SNP
densities may give rise to both false negatives (in regions where the SNP density is too low
for detection of clusters of nominally positive SNPs) and false positives (where the high
local SNP density increases the possibility of nominally false-positive SNPs forming a
cluster). The latter is addressed by assessing the significance of the cluster convergence with
Monte Carlo methods. Last, while we are fairly confident in the significance of the sets of
variants, genomic regions and genes presented here, further convergence and fine mapping
of the presented candidate genomic regions in independent samples will further increase our
confidence in any of the individual regions/loci.
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Conclusion
The current results add appreciably to the set of studies that appear to document molecular
genetic contributions to the ability to quit smoking in research and community settings. As
we work on fine-mapping studies that provide greater specification of the haplotypes that
influence quit success, cellular and molecular studies that identify the ways in which these
haplotypes alter the brain and other relevant organs and animal model studies that link these
alterations to behavioral differences, we can also test if these haplotypes provide genetic
determinants of generalized ability to change health-related behaviors. Thus, for both
dependent individuals and individuals with other health problems that can be modified
through behavior change, these data add to an increasingly rich basis for improved
understanding and for the development of personalized treatment strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SNP-wise statistical power of the estimated allele frequency difference between
abstinence and nonabstinence pools (t-test)
See ‘Materials & methods’ section; mean standard deviation of the allele frequency
estimates between the pools: 0.034, number of abstinence and nonabstinence pools: 6 and
12, respectively, and requirement for ‘nominal’ significance: p = 0.05.
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Figure 2. Values for principal component 2 from SNP data for pools of abstinent (darker bars)
and nonabstinent (lighter bars) smokers
The difference, tested by t-test and Kolmogorov–Smirnov test of component 2 coefficients
between abstinent and nonabstinent pools, is statistically significant (p = 0.0001).
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