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Abstract
Introduction: Smoking cessation is more than 50% heritable. Genetic studies of smoking cessation have been limited by short-term follow-up
or cross-sectional design.

Aims and Methods: This study tests single nucleotide polymorphism (SNP) associations with cessation during long-term follow-up throughout
adulthood in women. The secondary aim tests whether genetic associations differ by smoking intensity. Associations between 10 SNPs in
CHRNAS5, CHRNA3, CHRNB2, CHRNB4, DRD2, and COMT and the probability of smoking cessation over time were evaluated in two longitu-
dinal cohort studies of female nurses, the Nurses’ Health Study (NHS) (n = 10 017) and NHS-2 (n = 2793). Participant follow-up ranged from 2 to
38 years with data collected every 2 years.

Results: \WWomen with the minor allele of either CHRNA5 SNP rs16969968 or CHRNA3 SNP rs1051730 had lower odds of cessation throughout
adulthood [OR = 0.93, p-value = .003]. Women had increased odds of cessation if they had the minor allele of CHRNA3 SNP rs578776 [OR =
1.17, p-value = .002]. The minor allele of DRD2 SNP rs1800497 was associated with lower odds of cessation in moderate-to-heavy smokers [OR
= 0.92, p-value = .0183] but increased odds in light smokers [OR = 1.24, p-value = .096].

Conclusions: Some SNP associations with short-term smoking abstinence observed in prior studies were shown in the present study to persist
throughout adulthood over decades of follow-up. Other SNP associations with short-term abstinence did not persist long-term. The secondary
aim findings suggest genetic associations may differ by smoking intensity.

Implications: The results of the present study expand on previous studies of SNP associations in relation to short-term smoking cessation to
demonstrate some of these SNPs were associated with smoking cessation throughout decades of follow-up, whereas other SNP associations
with short-term abstinence did not persist long-term. The rate of relapse to smoking remains high for several years after quitting smoking, and
many smokers experience multiple quit attempts and relapse episodes throughout adulthood. Understanding genetic associations with long-
term cessation has potential importance for precision medicine approaches to long-term cessation management.

Introduction smoking cessation because of their influence on nicotine re-
sponse. Nicotine binds to nAChRs,* a family of neurotrans-
mitter receptors,® stimulating dopamine release producing
neurological reward and reinforcing smoking behavior.’
Continued nicotine intake causes neuroadaptations within
nAChRs producing craving, tolerance, and dependence.®
Furthermore, nAChRs are implicated in memory and asso-
ciative learning” which are reinforced by increased dopa-
mine levels and signaling.® This leads to cue-primed behavior,
drug-seeking in the absence of contextual biological need.’
Dopamine-driven inhibitory control mechanisms also con-
tribute to addictive behaviors.!® Cue-primed behavior and
inhibitory control are behavioral factors that contribute to
relapse risk long after nicotine withdrawal.?

Most US adult smokers attempt to quit smoking each
year, but only a small proportion achieve sustained cessa-
tion' as 50% of those who quit relapse within 12 months.?
Understanding factors associated with smoking cessation can
lead to improved intervention approaches, increasing long-
term cessation rates. Smoking cessation is more than 50%
heritable,® emphasizing the importance of research to iden-
tify genetic variants associated with cessation because of their
value for refining precision medicine approaches to smoking
cessation.

Nicotinic acetylcholine receptor (nAChR) and dopa-
minergic genes are strong candidates for genetic studies of
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The nAChR and dopaminergic pathways may influence
addiction differentially via biochemical and behavioral
mechanisms depending on smoking intensity. Light smokers
(<5 cigarettes/day [CPD]) experience low or no nicotine de-
pendence yet still smoke for an average of 19 years.!! Light
smokers report smoking for the “boost” in mood or concen-
tration,'? thus, for light smokers, persistent smoking may
be driven by positive reinforcement and corresponding be-
havioral conditioning.'> Conversely, nicotine dependence
predominates in heavy smokers via a negative reinforcement
mechanism of addiction (e.g. withdrawal-avoidance).!

Addiction mechanisms may also differ by biological sex.
Women are more likely to respond to sensory stimuli of cig-
arette smoking, smoke to regulate mood, and have increased
cue-reactivity.'»'* Conversely, men are more sensitive to nico-
tine content and craving.'?

Despite the plausible differences in factors associated with
smoking intensity and differences by biological sex, most
genetic studies of smoking cessation have excluded light
smokers and few studies of women focused on pregnancy.!>'¢
Thus, studies examining differences in genetic risk by
smoking intensity and studies focused on women are needed.
Furthermore, most evidence of genetic variants in relation to
smoking cessation is from cross-sectional studies or studies
measuring abstinence 2—-6 months post-cessation. Studies are
needed to understand genetic markers that are associated
with long-term smoking outcomes. Using data from two all-
female cohort studies with up to 38 years of repeated smoking
status measures, the primary aim of this study was to examine
associations between single nucleotide polymorphisms (SNPs)
within nAChR and dopaminergic genes and the likelihood of
smoking cessation throughout adulthood in women.

The novelty of this research is not the SNPs studied, as
the SNPs were selected based on a systematic review of prior
studies.!”!® Rather, the novelty of this research is the inves-
tigation of genetic associations with smoking cessation over
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long-term follow-up. To illustrate the innovation and impor-
tance of this research, Figure 1 depicts the smoking status
over time between 1976 and 2014 for six participants of one
of the cohort studies. Examination of genetic associations
with participant smoking behavior throughout this period
provides insight not gained by single timepoint smoking
status comparisons or shorter follow-up. For example, all six
participants in Figure 1 would be considered former smokers
in 2012 despite the variability in smoking status at previous
timepoints.

In addition to the importance of examining genetic
associations with long-term smoking status, this research
also stratifies SNP associations by <65 and >635 years of age.
Because prior genetic studies of older smokers are limited, this
provides an important addition to the body of evidence on
genetic associations with smoking cessation. The secondary
study's aim was to investigate the potential heterogeneity of
genetic associations between light versus moderate-to-heavy
smokers based on the differential impact of smoking intensity
on behavioral versus biochemical addiction pathways.

Methods

Study Population

The study population included a subset of participants from the
Nurses’ Health Study (NHS) (N = 121 700) and NHS-2 (N =
116 429), two prospective cohort studies of female registered
nurses that have been previously described.!” Data were collected
every 2 years beginning in 1976 for NHS and 1989 for NHS-2
and were available up to 2014 for NHS and 2015 for NHS-2.
Genotype data were available in 18 527 and 8276 participants
in the NHS and NHS-2 cohorts, respectively,?® of which 10 049
and 2804 were ever-smokers. Quality control of this whole-
genome data were previously conducted and documented and
only SNPs that met quality control criteria were included in
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Figure 1. Smoking status over time of six participants from the Nurses' Health Study from 1976 to 2014. Smoking status (former versus current smoker)

was collected every 2 years.
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these data.?’ Of those women who were ever-smokers with gen-
otype data, only 41 reported non-European ancestry and be-
cause of this small sample size combined with the potential for
ethnic differences in allele frequencies, they were excluded. This
resulted in a final study population of 10 017 participants from
the NHS and 2793 participants from the NHS-2.

SNP Selection

A literature review identified 10 SNPs within nAChR or do-
paminergic genes with findings suggesting an association with
short-term smoking cessation or cross-sectional smoking
status.'”!8 Six SNPs were located within the CHRNAS5-A3-B4
gene complex on chromosome 15, encoding for the a-3,
a-3, and -4 nAChR subunits: CHRNAS SNPs rs16969968
G>A2122rs680244 T>C,'23 rs588765 T>C*; CHRNA3 SNPs
rs1051730 G>A'5% and rs578776 G>A?**; and CHRNB4 SNP
rs12914008 G>A.?* An additional nAChR variant, CHRNB2
SNP rs2072661 G>A,*¢ was also identified; CHRNB2 encodes
for the B-2 nAChR subunit. Three dopaminergic variants
were identified. Two SNPs of DRD2, encoding for D2 dopa-
mine receptors: SNPs rs1800497 G>A? and rs6277 G>A%,
and one SNP of COMT, encoding for an enzyme regulating
brain dopamine levels: SNP rs4680 G>A.%

Variables

The dependent variable was smoking status dichotomized
for each subject at each follow-up time as former or current.
Follow-up time was treated as continuous with the baseline des-
ignated as year 0. At each follow-up, participants reported former
or current ordinal CPD data with the following categories: 1-4,
5-14, 15-24, 25-34, 35-44, >45, and unknown. Smoking in-
tensity was classified so that participants who reported smoking
1-4 CPD throughout the follow-up were categorized as light
smokers and all others were classified as moderate-to-heavy
smokers. This variable definition captures lifetime light smokers
and prevents misclassifying moderate-to-heavy smokers who re-
ported reducing smoking to <5 CPD as light smokers.*
Additional relevant variables included baseline age, early
age of smoking initiation, menopausal status, hormone re-
placement therapy (HRT) use, and body mass index (BMI).3'-2
Because of differences between cohorts in data collection, early
age of smoking initiation was defined as participants who re-
ported smoking prior to age 16 years for NHS and those who
reported smoking prior to age 15 years for NHS-2. To account
for changes during follow-up, time-varying dichotomized
variables were used for menopausal status and HRT use and a
continuous time-varying variable was used for BMI.

Missing Data

Less than 0.5% of observations were missing smoking status
data (510, 374, and 1 observation were missing smoking
status among women in NHS <65 years of age, women in
NHS >65 years of age, and women in NHS-2 <65 years
of age, respectively); these observations were not included
in the analysis. Among time-varying covariates, 7.4% and
3.5% of observations within NHS and NHS-2, respectively,
were missing BMI, and 2.8% and 3% of observations within
NHS and NHS-2, respectively, were missing menopausal
status. Most participants missing either menopausal status
or BMI were missing these data for only 1 or 2 observations,
thus missing data were imputed utilizing the values
obtained from observations prior to or subsequent to those
with missing data. We also used age to determine missing
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menopausal status, assuming observations in which the par-
ticipant was over 55 years of age were post-menopause.
Those missing data for early initiation of smoking (<1%)
were considered smokers who did not initiate smoking early.

Statistical Analysis

Generalized estimating equation models were used to evaluate the
association between the 10 SNPs and the probability of smoking
cessation over time using repeated smoking status measurements.
Instead of focusing on smoking status at a single timepoint,
these models account for the proportion of observations each
participant was a former smoker and thus characterize if SNP
associations with cessation persist throughout the follow-up.
An autoregressive covariance structure was assumed to account
for the correlation between repeated measures for each partic-
ipant. Codominant, dominant, recessive, and additive genetic
models were considered for SNPs with minor allele frequencies
>0.05, whereas the dominant model was assumed if minor al-
lele frequencies <0.05. The association between each SNP and
the probability of smoking cessation over time was modeled
with fixed effects for potential confounders (smoking inten-
sity, early initiation of smoking, menopausal status, HRT use,
and BMI). A SNP genotype by year interaction was considered
but was not retained in the models because of the lack of statis-
tical significance. Thus, the SNP genotype associations with the
probability of smoking cessation were consistent over time. A
minimally adjusted model including only baseline age, year, and
genotype was also examined as a sensitivity analysis to assess
if missingness impacted the SNP genotype effect. Analyses were
stratified on age <65 years at the time of follow-up assessments
to account for documented differences in smoking prevalence
and cessation attempts between adults aged <65 years and those
aged 265 years.® Age stratification also enabled a more valid
comparison between NHS and the more recent NHS-2 which
had an insufficient sample size of participants aged >65 years for
longitudinal analysis.

Statistical analyses were conducted using SAS 9.4 statistical
software and model assumptions were checked graphically. The
best genetic model for each SNP was selected based on quasi-
likelihood under the independence model criterion (QIC) score
and consistency with inheritance patterns.’* To accomplish the
secondary goal of the study of evaluating heterogeneity of genetic
associations between moderate-to-heavy and light smokers, a
genotype by smoking intensity interaction was then considered.

Each cohort was analyzed separately. Results were combined
via meta-analysis using the %METAANAL SAS macro to
produce fixed effects estimators and test for between-study
heterogeneity.>* Random effects pooling was assumed. A false
discovery rate <0.05 was used to control for testing multiple
SNPs and genetic models. In the individual analyses of the
two cohorts, we controlled for the testing of 9 SNPs using
4 different genetic models and the testing of the 10th SNP
(rs12914008) using only the dominant genetic model, thus,
we controlled for 39 tests using false discovery rate <0.05. In
the summary measures from the combined meta-analysis of
the results of NHS and NHS-2, we controlled for the testing
of the 10 SNPs across the selected genetic model, thus con-
trolling for 10 tests using a false discovery rate <0.05.

Results

Participant characteristics are summarized in Table 1. At
baseline, the average NHS ever-smoker was 43 years old (SD
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Table 1. Descriptive Statistics of Nurses' Health Study (NHS) and Nurses’ Health Study 2 (NHS-2) Cohorts. Baseline Status Data Were Collected in 1976

for NHS and 1989 for NHS-2

NHS NHS-2
1976-2014 1989-2015
(N=10017) (N = 2793)
Age (years), baseline mean, 43.0 (6.7) 36.3 (4.3)
(SD)
Range 29-55 24-43
BMI (kg/m?), baseline mean, 23.7 (4.0) 24.0 (4.7)
(SD)
Female n(%) 10017 (100) 2793 (100)
Race, White n (%) 10 017 (100) 2793 (100)
Postmenopausal, baseline Yes, n 3208 (32.0) 171 (6.1)
(%)
HRT use, baseline Yes, n 923 (9.2) 148 (5.3)
(%)
Early initiation of smoking (<16 years Yes, 7 1214 (12.1) 393 (14.1)
old in NHS, <15 years old in NHS-2) (%)
Lifetime light smoker (<5 cigarettes/ n (%) 574 (5.7) 471 (16.8)
day)
Participants <65 Participants 265 Participants <65 years of age Participants 265 years of age
years of age years of age
# of participants, N 10 017 9788 2793 N/A
Total # of observations 111 493 75169 36 387 N/A
# of repeated measures per participant 3-18 1-15 5-14 N/A

BMI = body mass index, HRT = hormone replacement therapy.

6.7 years) with a BMI of 23.7 kg/m? (SD 4.0) and the average
NHS-2 ever-smoker was 36.3 years old (SD 4.3 years) with a
BMI of 24.0 kg/m? (SD 4.7). At the beginning of follow-up,
32.0% of NHS participants were post-menopause and
9.2% used HRT whereas only 6.1% of NHS-2 participants
were post-menopause and 5.3% used HRT. The prevalence
of early initiation of smoking was similar in both cohorts
(12.1% NHS, 14.1% NHS-2), whereas the prevalence of
light smokers was higher (p-value <.001) in NHS-2 (16.8%)
compared to NHS (5.7%). Genotype frequencies are reported
in Supplementary Table 1.

Associations in Participants Aged <65 Years

Among NHS and NHS-2 participants aged <65 vyears,
associations with cessation were not statistically significant for
five of the ten SNPs: CHRNAS SNPs rs588765 and rs680244,
CHRNB2 SNP rs2072661, DRD2 SNP rs6277, and COMT
SNP rs4680. Of the remaining five SNPs, the association with
smoking cessation was nominally significant but not significant
after correction for multiple testing for two SNPs (CHRNB4
rs12914008 and DRD2 rs1800497) and three of the SNP
associations remained significant after correction for mul-
tiple testing (CHRNAS rs16969968, CHRNA3 rs1051730,
and CHRNA3 rs578776). The direction of the associations
among the five SNPs that were nominally significant varied,
with three of the SNPs, two nAChR, and one dopaminergic,
associated with reduced odds of cessation and two nAChR
SNPs associated with increased odds of cessation. The odds
ratios (ORs) and 95% confidence intervals (Cls) under the
best genetic model for each SNP are presented in Figure 2.
Associations (ORs, 95% ClIs) for all SNPs and genetic models

(including minimally adjusted and fully adjusted models) are
shown in Supplementary Table 2. Results were similar between
the minimally adjusted and fully adjusted models. Hereafter,
we present the fully adjusted results.

The nAChR SNPs associated with reduced odds of cessation,
CHRNAS 1516969968 and CHRNA3 rs1051730, are nonran-
domly associated loci or in linkage disequilibrium (2 = 1.00, D’
= 1.00) in populations with European ancestry. Thus, findings
are nearly identical, with participants having 7% lower odds
of quitting smoking with each additional copy of the minor
allele [rs16969968: Summary OR = 0.93, 95% CI 0.89-0.98,
rs1051730: Summary OR = 0.93, 95% CI 0.89-0.97]. Among
dopaminergic SNPs, those with at least one copy of the minor
allele DRD2 rs1800497 were less likely to quit smoking than
those homozygous for the common allele [Summary OR =
0.93,95% CI 0.87-1.00]. This association was not statistically
significant after adjusting for multiple testing.

The nAChR SNPs associated with increased odds of cessa-
tion were CHRNA3 rs578776 and CHRNB4 rs12914008.
Within European ancestry populations, these SNPs are in
high linkage disequilibrium (D" = 0.999) but low correlation
(r* = 0.12). Participants with at least one copy of the minor
allele of rs578776 had increased odds of smoking cessation
compared to homozygous common allele carriers [Summary
OR = 1.17, 95% CI 1.06-1.29]. A weaker association that
was not statistically significant after adjusting for multiple
testing was observed for rs12914008 [Summary OR = 1.14,
95% CI1.01-1.28].

Though SNP genotype by time interactions were not observed,
time was significantly associated with the odds of being a former
smoker. Figure 3 depicts the probability of being a former smoker
over time in both the NHS and NHS-2 cohort studies by genotype
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Genetic
Gene SNP Model Study OR (95% CI)
CHRNAS rs16969968 additive NHS 0.94 (0.89, 0.99) .
NHS-2 0.90 (0.80, 0.98) -
Summary 0.93 (0.89, 0.98)* —_—
rs680244 dominant NHS 0.96 (0.88, 1.05) .
NHS-2 1.08 (0.91, 1.28) —_—
Summary 0.99 (0.90, 1.09) ———
rs588765 dominant NHS 0.96 (0.88, 1.05) -
NHS-2 1.07 (0.90, 1.26) .
Summary 0.98 (0.90, 1.07) ————
CHRNA3 rs578776 dominant NHS 1.13 (1.05, 1.21)7 -
NHS-2 1.26 (1.08, '1.46)T e
Summary 1.17 (1.06, 1.29)* ——
rs1051730 additive NHS 0.94 (0.89, 0.99) .
NHS-2 0.90 (0.81, 1.00) -
Summary 0.93 (0.89, 0.97)* —_
CHRNB4 rs12914008 dominant NHS 1.14 (1.00, 1.31) ——
NHS-2 1.11 (0.85, 1.45) -
Summary 1.14 (1.01, 1.28) ——
CHRNB2 rs2072661 additive NHS 0.96 (0.90, 1.02) —
NHS-2 0.99 (0.88, 1.11) -
Summary 0.96 (0.92, 1.02) ——
DRD2 rs1800497 dominant NHS 0.94 (0.87, 1.01) -
NHS-2 0.90 (0.78, 1.05) -
Summary 0.93 (0.87, 1.00) ———
rs6277 recessive NHS 0.97 (0.89, 1.04) -—
NHS-2 1.04 (0.88, 1.24) .
Summary 0.98 (0.91, 1.05) ———
COMT rs4680 additive NHS 0.96 (0.92, 1.01) —a—
NHS-2 0.97 (0.88, 1.07) -
Summary 0.96 (0.92, 1.01) -—] |
0.75 1.0 1.5
Odds Ratio of Cessation

Figure 2. SNP associations with odds of smoking cessation, timepoints where participants are <65 years old. Controlling for year, age, smoking
intensity (<5 or >b5 cigarettes per day), early initiation of smoking (NHS = <16 years of age, NHS-2 = <15 years of age), menopausal status, use of
hormone replacement therapy, body mass index. T FDR < 0.05, accounting for multiple comparisons for all genetic models and SNPs analyzed. ¥ FDR
< 0.05, accounting for multiple comparisons of the selected genetic model for all 10 SNPs. SNP = single nucleotide polymorphism, NHS = Nurses'

Health Study, NHS-2 = Nurses' Health Study 2.

for SNPs rs16969968 and 578776. The ORs of smoking cessation
between genotypes are consistent over time; however, participants
of all genotypes have a higher probability of being a former smoker
at later timepoints. Supplementary Figure 1 depicts the same re-
lationship between the probability of being a former smoker over
time by genotype for the remaining eight SNPs.

Associations by Smoking Intensity in Participants
Aged <65 Years
Examining SNP associations under the best genetic model
by smoking intensity, the genotype by smoking intensity
interactions were not statistically significant. However, in
both cohorts, there was heterogeneity for some SNPs in
the direction of the genetic association between light and
moderate-to-heavy smokers. (Figure 4)

The strongest heterogeneity was for DRD2 rs1800497.
Among moderate-to-heavy smokers, those with at least one
copy of the minor allele were less likely to quit smoking than

those homozygous for the common allele [Summary OR =
0.92, 95% CI 0.86-0.99]. Conversely, among light smokers,

minor allele carriers had increased odds of quitting [Summary
OR =1.24,95% CI 0.96-1.59].

Similar heterogeneity in the direction of the association
was observed for SNPs rs16969968 and rs1051730. In
moderate-to-heavy smokers, the odds of smoking cessation
were reduced by 8% per copy of the minor allele of either
SNP [Summary OR = 0.92, 95% CI 0.88-0.97], whereas in
light smokers, the odds of smoking cessation increased 8%
per copy of the minor allele of either SNP [Summary OR =
1.08,95% CI 0.89-1.29].

Associations in NHS Participants, =65 Years of Age
The associations were not statistically significant in NHS
participants aged 265 years; however, the point estimates
were similar or slightly weaker compared to those observed
in NHS participants aged <635 years (Figure 5).

Post Hoc Analysis

We conducted post hoc analyses testing associations between
rs578776/rs16969968 haplotypes and smoking cessation
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Figure 3. The probability of former smoker status over time by SNP genotype for CHRNAS5 SNP rs16969968 and CHRNA3 SNP rs578776.Controlling for
year, age, smoking intensity (<5 or >5 cigarettes per day), early initiation of smoking (NHS = <16 years of age, NHS-2 = <15 years of age), menopausal
status, use of hormone replacement therapy, body mass index. The odds ratios of smoking cessation between genotypes are consistent over time;
however, participants of all genotypes have higher probability of being a former smoker at later timepoints.

(Supplementary Figure 2). Compared to participants with GG/
AA haplotypes, participants with (AG + AA)/GG haplotypes
[Summary OR = 1.33,95% CI 1.10-1.61] or (AG + AA)/AG
haplotypes [Summary OR = 1.19, 95% CI 1.06-1.33] had
higher odds of smoking cessation throughout adulthood. The
(AG + AA)/AA haplotypes were rare (NHS: # = 3; NHS-2: n
= 0), and thus were not examined.

Discussion

This study focused on 10 selected SNPs in relation to smoking
cessation, with methods and results that expand upon prior
evidence. Though these 10 SNPs were previously studied in
cross-sectional and/or short-term prospective studies, prior
studies have not examined long-term smoking cessation
outcomes. Thus, the novelty of this study is the longitudinal
design with long-term repeated smoking behavior measures to
investigate the association between these 10 SNPs and smoking
cessation throughout adulthood. In addition to the long-term
longitudinal design, innovative study characteristics include a
focus on smoking cessation in women, a large enough sample
size to explore the genetic associations by smoking intensity,

and data on elderly individuals for whom evidence is sparse.
Each of these novel aspects of the study is discussed below.

This study provides important proof of principle that
some SNPs associated with short-term smoking cessation re-
main associated with cessation during long-term follow-up,
whereas other SNP associations may not persist long-term.
These findings suggest this long-term longitudinal research
approach to study genetic associations with smoking cessa-
tion could be used to identify high-risk smokers who may
benefit from long-term smoking cessation management. In
this study, five of the ten SNPs tested were nominally associ-
ated with smoking cessation throughout adulthood and three
of these SNPs remained significant after correction for mul-
tiple testing, documenting that these genetic associations per-
sist during long-term follow-up in white women.

The minor alleles of CHRNAS rs16969968 and CHRNA3
rs1051730 were associated with a lower likelihood of quitting
smoking throughout adulthood among women aged <65 years,
and these associations remained significant after correction for
multiple testing. Though some null findings for either SNP have
been reported,?*3*3* the present findings are consistent with
several prior studies with much shorter follow-up.!516:222539:40
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Genetic Mod/Heavy smokers Light smokers
Gene SNP Model Study OR (95% CI) OR (95% CI)
CHRNAS5 rs16969968 additive NHS 0.93 (0.88, 0.99) 1.04 (0.83, 1.31)
NHS-2 0.88 (0.78, 0.99) 1.14 (0.84, 1.56)
Summary  0.92 (0.88, 0.97) 1.08 (0.89, 1.29)
rs680244  dominant NHS 0.97 (0.89, 1.06) 0.81(0.58, 1.13)
NHS-2 1.07 (0.89, 1.28) 1.17 (0.74, 1.85)
Summary  0.99 (0.91,1.07)  0.94 (0.66, 1.34)
rs588765  dominant NHS 0.97 (0.87, 1.06) 0.81(0.58, 1.13)
NHS-2 1.06 (0.88, 1.27) 1.17 (0.74, 1.85)
Summary  1.00 (0.93,1.09)  0.94 (0.66, 1.34)
CHRNA3 rs578776 dominant NHS 1.13 (1.05, 1.22) 1.03 (0.77,1.37)
NHS-2 1.28 (1.09, 1.49) 1.05 (0.69, 1.60)
Summary  1.18 (1.05, 1.32) 1.04 (0.82, 1.31)
rs1051730  additive NHS 0.93 (0.88, 0.98) 1.04 (0.83, 1.31)
NHS-2 0.88 (0.79, 0.99) 1.15 (0.84, 1.57)
Summary  0.92 (0.88, 0.97) 1.08 (0.90, 1.29)
CHRNB4 rs12914008 dominant NHS 1.16 (1.01, 1.33) 0.85 (0.54, 1.34)
NHS-2 1.07 (0.81, 1.42) 1.91 (0.80, 4.55)
Summary  1.14 (1.01, 1.29) 1.17 (0.54, 2.53)
CHRNB2 rs2072661 additive NHS 0.95 (0.90, 1.01) 1.07 (0.84, 1.36)
NHS-2 0.97 (0.86, 1.10) 1.15(0.81, 1.61)
Summary  0.96 (0.91, 1.01) 1.09 (0.90, 1.33)
DRD2 rs1800497  dominant NHS 0.93 (0.86, 1.00) 1.19 (0.88, 1.60)
NHS-2 0.88 (0.75, 1.03) 1.36 (0.85, 2.18)
Summary  0.92 (0.86, 0.99) 1.24 (0.96, 1.59)
rs6277 recessive NHS 0.97 (0.90, 1.05) 0.90 (0.66, 1.24)
NHS-2 1.04 (0.87, 1.25) 1.04 (0.66, 1.65)
Summary  0.98 (0.91,1.05)  0.95(0.73, 1.23)
COMT  rs4680 additive NHS 0.96 (0.92, 1.02) 0.93 (0.75, 1.15)
NHS-2 0.96 (0.87, 1.07) 1.09 (0.84, 1.41)
Summary  0.96 (0.92,1.01)  0.99 (0.84, 1.17)

0.50

[ Moderate/Heavy smokers @ Light smokers
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Figure 4. Genetic associations with odds of smoking cessation by smoking intensity.SNP = single nucleotide polymorphism, NHS = Nurses’ Health
Study, NHS-2 = Nurses' Health Study 2.Light smoking <5 cigarettes per day (CPD), Moderate/Heavy smoking >5 CPD.Adjusted for year, age, smoking
intensity, genotype x smoking intensity interaction, early initiation of smoking (NHS = <16 years of age, NHS -2 = <15 years of age), menopausal
status, use of hormone replacement therapy, and body mass index. Assessing timepoints in which participants are <65 years of age.

The present study also found a robust association, which
remained significant after correction for multiple testing, be-
tween the minor allele of CHRNA3 rs578776 and increased
odds of smoking cessation throughout adulthood. These
results were consistent with those previously observed among
Han Chinese males.?* However, to the best of our knowledge
this is the first study to observe this association with cessa-
tion in a population of European ancestry as prior studies re-
ported null associations.?**® The minor allele was previously
shown to be protective against relapse during the first 90-day
post-cessation*' and may influence smoking cessation through
cognitive-behavioral mechanisms as smokers with the minor
allele are less likely to have a heightened intrinsic reward re-
sponse to visual smoking cues.** This may partially explain
the strong association observed in the present all-female study
as women are more likely than men to respond to sensory
stimuli of cigarette smoking.*

An association was also observed between the minor allele
of CHRNB4 SNP rs12914008 and increased odds of smoking
cessation that was no longer statistically significant after

correcting for multiple testing. The findings for rs12914008
are consistent with those previously observed in a short-term
smoking cessation trial,”® but the present association was
weak and could be an artifact of the linkage disequilibrium
with rs578776.

Among the dopaminergic SNPs studied, the minor allele of
DRD2 rs1800497 was weakly associated with a lower likeli-
hood of smoking cessation throughout adulthood in women
aged <65 years. The direction of this association is con-
sistent with previous studies.?”** The weaker association we
observed in the present study could be due to the all-female
study population because the minor allele is associated with
reductions in D2 dopamine receptor density and binding ca-
pacity® which are more pronounced in males.*

The present study also extends prior research by
examining differences in genetic associations by smoking in-
tensity. Smoking intensity is an important tobacco control
issue because the proportion of US adult smokers who are
light smokers is growing.*” This increase was evident in the
present study as the proportion of light smokers increased
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Figure 5. SNP associations with odds of smoking cessation, NHS participants <65 and >65 years old. Controlling for baseline age, year, smoking
intensity (<5 or >5 cigarettes per day), early initiation of smoking (<16 years of age), menopausal status (for <65 years of age), and hormone
replacement therapy use. SNP = Single Nucleotide Polymorphism, NHS = Nurses' Health Study.

from 5.7% in NHS to 16.8% in NHS-2. This study’s con-
siderable sample size and long-term follow-up are notable
strengths for investigating whether SNP associations with
smoking cessation differ by smoking intensity. Consistent het-
erogeneity in the direction of the associations with smoking
cessation by light versus moderate-to-heavy smokers were
observed for rs1800497, rs16969968, and rs1051730. The
minor alleles of these SNPs were inversely associated with
persistent smoking among light smokers but associated with
an increased risk of persistent smoking among moderate-to-
heavy smokers. Despite the heterogeneity in ORs, inferences
are limited because the tests for statistical interaction were
not statistically significant, possibly because of the lack of
statistical power resulting from the low prevalence of light
smokers. Nevertheless, these findings are biologically plau-
sible. The reduced D2 receptor density and binding capacity
associated with the minor allele of rs1800497 could lead to
decreased positive reinforcement, and thereby protect against
persistent light smoking. The rs16969968 and rs1051730
SNPs are associated with nicotine dependence,**-*° and thus
could lead to persistent heavier smoking because of the key
role of withdrawal avoidance in heavier smoking.

Another strength of the present study was the data to examine
genetic associations over time in women aged >65 years. Genetic
studies of smoking cessation in elderly populations are rare as
the mean age of study populations have typically been 37.7-57.3
years.'®?>3¢ Compared to women aged <65 vyears, observed
associations were weaker and were not statistically significant
among women aged >65 years, but the point estimates of the
ORs were consistent across age strata suggesting the associations
are relevant among older women. These results provide insights
into smoking cessation in elderly populations, but also highlight
challenges to this research area. The lower prevalence of smoking
and quit attempts among older women smokers increases the dif-
ficulty of detecting genetic associations in this population.

The present investigation is innovative because of the lon-
gitudinal analysis of long-term repeated smoking measures

to determine if the associations between the 10 selected
SNPs and smoking cessation persist throughout adulthood.
Nonetheless, some important study limitations are acknowl-
edged. Though the all-female study population was impor-
tant for identifying genetic factors among women, it was not
possible to examine these genetic associations with long-term
smoking cessation among men. Furthermore, it was not fea-
sible to evaluate differences in genetic associations by ancestry
because there was insufficient genotype data for participants
of non-European ancestry. Thus, similar studies of men and of
non-European ancestral populations are necessary to under-
stand where associations differ by biological sex and ancestry.

In addition, even though the present study expanded on
previous studies by examining associations among light and
older smokers, the necessary stratification of the study popu-
lation to do so may have limited the statistical power to de-
termine genetic factors associated with cessation among these
smaller subsets of smokers. Despite the challenges present
when conducting research to determine genetic associations
among light and older smokers, this study provided evidence
that some genetic associations may differ by smoking inten-
sity and that associations observed among younger smokers
may be relevant for the elderly. These findings are important
because identifying how genetic factors predictive of long-
term cessation differ by smoking intensity and their relevance
to elderly smokers holds promise for high-precision tailoring
of smoking cessation interventions.

Furthermore, this study revealed some of the CHRNAS-
A3-B4 and DRD2 SNPs previously associated with short-
term smoking cessation were also associated with long-term
cessation. The clinical implications of these results include
the potential use of genetic markers to identify smokers who
may benefit from long-term cessation/relapse management.
Improving rates of long-term smoking abstinence has impor-
tant public health implications. Though quitting smoking has
health benefits in the short-term, long-term cessation is neces-
sary to realize significant reductions in smoking-attributable
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morbidity and mortality. In addition, comparison of the results
from this all-female study to findings from studies including
both sexes suggests the strength of some associations may differ
by biological sex. Understanding genetic differences by biolog-
ical sex could fine-tune these precision medicine cessations and
relapse prevention approaches. Our findings also raise the pos-
sibility that genetic associations with smoking cessation may
vary by smoking intensity, and if these results are corroborated
then smoking intensity may be another factor used to fine-tune
precision medicine approaches to smoking cessation.
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