CHRNA5/A3/B4 Variant rs3743078 and Nicotine-Related
Phenotypes: Indirect Effects Through Nicotine Craving

DVORA SHMULEWITZ, pu.n.,%? JACQUELYN L. MEYERS, pi.D.,* MELANIE M. WALL, pH.D.,%54
EFRAT AHARONOVICH, pi.p.,%* AMOS FRISCH, pi.0.,% BARUCH SPIVAK, M.p.,¢ ABRAHAM WEIZMAN, M.D.,%/8
HOWARD J. EDENBERG, pi.p.,” JOEL GELERNTER, Mm.p.,’ & DEBORAH S. HASIN, pr.p.#b¢*

aDepartment of Psychiatry, Columbia University, New York, New York

bNew York State Psychiatric Institute, New York, New York

¢Department of Epidemiology, Mailman School of Public Health, Columbia University, New York, New York
dDepartment of Biostatistics, Mailman School of Public Health, Columbia University, New York, New York

eSackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel
IFelsenstein Medical Research Center, Petach Tikva, Israel
8Research Unit, Geha Mental Health Center, Petach Tikva, Israel

hDepartments of Biochemistry and Molecular Biology and Medical and Molecular Genetics, Indiana University School of Medicine,

Indianapolis, Indiana

Departments of Psychiatry and Genetics and Neurobiology, Yale University School of Medicine, New Haven, Connecticut

ABSTRACT. Objective: Nicotine craving is considered an important
element in the persistence of cigarette smoking, but little is known about
the role of craving in the widely recognized association between variants
mapped to the neuronal nicotinic acetylcholine receptor (CHRN) genes
on chromosome 15 and nicotine phenotypes. Method: The associations
between CHRNAS5S—CHRNA3—-CHRNB4 variants and cigarettes per day
(CPD), the Fagerstrom Test for Nicotine Dependence (FTND), and
craving were analyzed in data from 662 lifetime smokers from an Israeli
adult Jewish household sample. Indirect effects of genotype on nicotine
phenotypes through craving were formally tested using regression and
bootstrapping procedures. Results: At CHRNA3, allele G of rs3743078

was associated with increased craving, CPD, and FTND scores: Par-
ticipants with one or two copies of the G allele had, on average, higher
scores on the craving scale (p = .0025), more cigarettes smoked (p =
.0057), and higher scores on the FTND (p =.0024). With craving in the
model, variant rs3743078 showed a significant indirect effect through
craving on CPD (p =.0026) and on FTND score (p =.0024). A sizeable
proportion of the total rs3743078 effect on CPD (56.4%) and FTND
(65.2%) was indirect through craving. Conclusions: These results
suggest that nicotine craving may play a central role in nicotine use
disorders and may have utility as a therapeutic target. (J. Stud. Alcohol
Drugs, 77, 227-237, 2016)

ESPITE CONCERTED PUBLIC HEALTH EFFORTS,
cigarette smoking remains a leading preventable cause
of global morbidity and mortality (World Health Organiza-
tion, 2011). Thus, a better understanding of the factors un-
derlying smoking has substantial public health significance.
Genetic factors influence the risk for smoking phenotypes
(Maes et al., 2004). Because nicotine binds to neuronal nico-
tinic acetylcholine receptors (Benowitz, 2010; Greenbaum &
Lerer, 2009), neuronal nicotinic acetylcholine receptor genes
(CHRNs) have been widely studied for their relationship to
nicotine phenotypes.
Meta-analyses show a robust association of single nucleo-
tide variants in the chromosome 15 gene cluster encoding
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receptor subunits o5, a3, and B4 (CHRNAS5/A3/B4) with
cigarettes smoked per smoking day (CPD; Furberg et al.
2010; Liu et al., 2010; Saccone et al., 2010; Thorgeirsson
et al., 2010). These variants also show associations with the
Fagerstrom Test for Nicotine Dependence (FTND; Heather-
ton et al., 1991) (Broms et al., 2012; Ware et al., 2012). Both
phenotypes are associated with two statistically independent
loci in this gene cluster, one tagged by variant rs16969968
(or the strongly correlated rs1051730), and the other tagged
by rs578776 (or the correlated rs3743078) (Bierut et al.,
2008; Greenbaum et al., 2009; Saccone et al., 2007, 2009a,
2009b, 2010; Stevens et al., 2008). However, few studies
have investigated potentially modifiable mechanisms of the
widely recognized relationship between CHRNAS5/A3/B4
variants and CPD or the FTND. Elucidating such mecha-
nisms may lead to more effective interventions, which is of
considerable importance for public health.

Nicotine craving may be one such mechanism. Some
consider craving to be the proximal cause of smoking and to
play a central role in nicotine dependence (Benowitz, 2010;
Tiffany & Wray, 2012). However, little is known about the
association of the two CHRNAS5/A3/B4 loci with nicotine
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craving. One study showed an association of rs16969968
with three nicotine craving measures (Chen et al., 2012).
Another study showed an association of craving with joint
haplotypes of rs578776 and rs16969968, but only among
early-onset smokers (Baker et al., 2009). Additional studies
are warranted to further elucidate the relationship between
nicotine craving and CHRNAS5/A3/B4, specifically if craving
is associated with the rs578776/rs3743078 locus, which is
statistically independent of the rs16969968 locus.

In addition, a sensitization-homeostasis model (DiFranza
& Wellman, 2005) posits that among lifetime smokers,
binding of nicotine to receptors inhibits craving. Accord-
ing to this theoretical model, genetic variation that affects
nicotine binding or receptor activation could alter craving,
perhaps leading to more frequent smoking throughout the
day (increased CPD) (DiFranza & Wellman, 2005). Simi-
larly, craving is likely to influence dependence, as assessed
by the FTND items (e.g., time to first cigarette after morn-
ing awakening, difficulty refraining from smoking where
prohibited, number of cigarettes usually smoked), so variants
influencing craving could affect FTND scores. We therefore
hypothesized that the association between CHRNAS5/A3/
B4 and CPD or FTND is indirect through craving; that is,
CHRNA5/A3/B4 is associated with craving, which in turn is
associated with CPD or FTND.

Thus, the study goal was to investigate a proposed
mechanism for the well-established relationships between
CHRNAS5/A3/B4 and CPD or FTND: indirect effects through
craving. Toward that end, using data on lifetime smokers
from a general population sample of adult Israelis (Shmule-
witz et al., 2011, 2013), we evaluated the association of nico-
tine phenotypes (craving, CPD, and FTND scores) with four
CHRNA5/A3/B4 variants (rs16969968, rs578776, rs3743078,
and rs684513) representing the two associated loci, and the
association of nicotine craving with CPD and FTND. Then
the total effects (overall association) of the CHRNAS5/A3/
B4 variants were decomposed into direct effects on CPD or
FTND and indirect effects through craving (Hayes, 2013).

Method
Study procedures and sample

Data were collected from 1,349 household residents in
2007-2009 (Hasin et al., 2002; Shmulewitz et al., 2010,
2011, 2013). To maximize genetic homogeneity, Jewish
adults (one per household) were selected from the Israeli
Population Register. Men were oversampled because alco-
hol use, the main focus of the overall study, is limited in
Israeli women. The study was approved by relevant Ameri-
can and Israeli institutional review boards. Interviewers
obtained written informed consent and conducted face-to-
face computer-assisted interviews. The response rate was
68.9%. Strict quality-control procedures included structured

interviewer training, field observations, reviews of recorded
interviews, and telephone verification of responses.

This report focuses on lifetime smokers genotyped for
CHRNA5/A3/B4 variant 1s3743078 (N = 662). Although
sample sizes were slightly different for the other CHRNAS/
A3/B4 variants (delineated below), demographic proportions
were virtually the same. Lifetime smokers had smoked >100
cigarettes, a threshold widely used to indicate substantial
smoking (Bondy et al., 2009; Chen et al., 2009, 2012; Sac-
cone et al., 2009a, 2009b). Of these, 82.5% (n = 546) were
male; 19.0% (n = 126) were 21-29 years old, 33.1% (n =
219) were 3044, and 47.9% (n = 317) were 45 years or
older; 28.8% (n = 191) were immigrants from the former
Soviet Union. Both current (n = 477) and former (n = 185)
smokers were included because genetic effects can occur
throughout the life span once smoking starts.

Lifetime measures

Number of cigarettes usually smoked per smoking day.
CPD was assessed using the Alcohol Use Disorders and As-
sociated Disabilities Interview Schedule (AUDADIS; Grant
et al., 1995, 2003) for three separate periods: past year or the
year before quitting, period of daily smoking, and period of
heaviest smoking. The AUDADIS CPD measures have excel-
lent test—retest reliability (intraclass correlation coefficients
=.74-.83) (Grant et al., 2003). We used the maximum of the
three periods, with scores ranging from 1 to 80. Self-report
of CPD is commonly used in association studies and gener-
ally has good to excellent reliability, even among former
smokers (Soulakova et al., 2012).

Fagerstrém Test for Nicotine Dependence. The FTND
(Heatherton et al., 1991) was assessed using the AUDADIS
module used by the National Epidemiologic Survey on Al-
cohol and Related Conditions (Grant et al., 2003), slightly
adapted for use in large-scale epidemiologic studies, with
two changes from the standard version: (a) “Did you often
smoke just after getting up or shortly after getting up in the
morning” replaced “How soon after getting up do you smoke
your first cigarette,” and a positive response was worth 2
points, similar to the “6-30 minutes” response to the actual
FTND question (“How soon . . .”); and (b) “Which cigarette
would you hate most to give up” was not assessed, because
it showed a lack of utility and poor psychometric properties
(Chabrol et al., 2003; Etter et al., 1999; Heatherton et al.,
1991). Thus, the FTND score ranged from 0 to 8. The mean
FTND (3.4) was within the range of mean scores (2.8-4.6)
from 15 general population studies in Europe and the United
States (Fagerstrom & Furberg, 2008) and lower than scores
reported in clinical samples (Wessel et al., 2010).

Nicotine craving. To provide a more nuanced and in-
formative measure of craving, a scale was formed using
two questions adapted from Russell’s Smoking Motives
Questionnaire (Russell et al., 1974): “When you have run
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out of cigarettes, do/did you find it almost unbearable until
you can get them?” and “Do/did you get a strong desire
to smoke when you haven’t smoked for a while?” These
items load most strongly on the “addictive” (craving) fac-
tor (Russell et al., 1974), assess both craving frequency
and intensity, and are similar to items used to assess both
moderate and severe craving (Kim et al., 2014; Piper et
al., 2004; Shiffman et al, 2004). Responses (4 = always, 3
= often, 2 = sometimes, | = infrequently, 0 = never) were
summed to create a craving scale, with scores ranging from
0 to 8 (higher values indicating greater craving). Internal
consistency (standardized coefficient oo = .69) for the scale
was acceptable (Kline, 2000).

Genotyping

DNA was extracted from blood or saliva using standard
DNA isolation products (Roche Diagnostics, Germany;
Qiagen Inc., Valencia, CA; DNA Genotek Inc., Ottawa, On-
tario, Canada). Four variants in the CHRNAS5/A3/B4 cluster
were genotyped (rs16969968, rs684513, rs578776, and
rs3743078) via TagMan, as described previously (Sherva
et al., 2010). Because the Jewish population has a unique
genetic background (Guha et al., 2012; Ostrer & Skorecki,
2013), these variants were selected to ensure adequate cov-
erage in this Israeli Jewish sample. Samples were run in
duplicate; discordant genotypes were discarded. Thirty-two
ancestry-informative markers (AIMs) were genotyped to
detect population stratification (Listman et al., 2010).

Analysis

Genetic markers. All variants had minor allele frequen-
cies >0.01 and were included in the preliminary analysis.
Using SAS Version 9.3 (SAS Institute Inc., Cary, NC), the
chi-square goodness-of-fit test tested for deviations from
Hardy—Weinberg equilibrium (HWE) expectations for each
variant in all genotyped samples (i.e., not limited to lifetime
smokers because these are population-based estimates).
Linkage disequilibrium between variants was assessed by 72
and Lewontin’s D’.

Initial genetic analysis. The study goal was to evaluate
indirect effects of CHRNAS5/A3/B4 variants via craving on
nicotine outcomes (consumption or dependence). Although
the predictor (gene variant) does not need to be associated
with the outcome to test an indirect effect (Hayes, 2013), as-
sociation between CHRNA5/A3/B4 variants and all nicotine
phenotypes was assessed to inform selection of the genetic
models to use in evaluating indirect effects and to place
study results in the context of previous studies.

Although previous research with CHRNAS5/A3/B4 vari-
ants assumed specific genetic models, e.g., the rs578776/
rs3743078 locus modeled as additive (Greenbaum et al.,
2009; Saccone et al., 2009a, 2009b, 2010; Stevens et al.,

2008), genetic effects may differ by population (Carlson
et al., 2013). Therefore, for each variant, we determined
whether the genetic risk model appeared allele-specific
(presence or absence of a particular allele) or additive by
inspecting the phenotype values in each genotype group.
For rs16969968 (Table 7), inspection of phenotype means
by genotype group suggested a recessive model (comparing
groups AA and GG/GA) or, less likely, additive (comparing
groups AA, AG, and GG), but not a dominant model (AA/
GA vs. GG). No significant differences in phenotype means
were observed by genotype groups (additive or recessive),
indicating no detectable genetic effect in this sample. For
the other variants, phenotypic means suggested an allele-
specific (recessive) genetic model; e.g., for rs3743078, both
genotypes with allele G (GG/CG) had similar phenotype
values (Table 3, footnote), higher than CC. Thus, associa-
tion analyses compared the “high-risk” group (GG/CG) to
the “low-risk” group (CC). Similarly, for rs684513, CC/CG
was high risk and GG was low risk (Table 5, footnote); for
rs578776, GG/GA was high risk and AA was low risk (Table
6, footnote).

To account for multiple testing in evaluating the associa-
tion of CHRNAS5/A3/B4 variants and nicotine phenotypes,
the p value for declaring significance was adjusted for the
number of independent tests, following a procedure to
quantify the number of tests (Nyholt, 2004a), as used in He
et al. (2009) and Vaillancourt et al. (2012). For rs578776,
rs3743078, and rs684513, one genetic model (allelic) was
chosen based on phenotypic means. Matrix spectral decom-
position estimated that these three correlated variants effec-
tively reflected 1.66 independent “variants” (Nyholt, 2004b).
Two models (additive and allelic) were tested for rs16969968
since phenotypic means were not significantly different by
genotype (Table 4). Thus, there were 3.66 “variant-models”
(one model for 1.66 “variants” plus two models for one
variant). Matrix spectral decomposition (Nyholt, 2004b)
estimated that the three correlated phenotypes (craving,
CPD, FTND) reflected 2.00 independent “phenotypes’; 3.66
“variant-models” for 2.00 “phenotypes” yields 7.32 tests; the
conservative Bonferroni-corrected p value was 0.05/7.32 =
.0068. We also report p values to allow readers to evaluate
the significance.

Linear regression procedures (SAS 9.3) investigated the
association of each variant (rs3743078 [GG/CG vs. CC];
15684513 [CC/CG vs. GG]; 15578776 [GG/GA vs. AA]) with
continuous scores for nicotine craving, CPD, and FTND,
and of craving with CPD and FTND. All analyses adjusted
for demographic covariates (sex, age, and ethnicity [former
Soviet Union immigrants vs. others]), as smoking behavior
differs by these subgroups in Israel (Baron-Epel et al., 2004).
For rs684513 and rs578776, analysis was repeated adjust-
ing for rs3743078 to determine if the signals for rs684513
and rs578776 were most likely due to correlation with
rs3743078.
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CHRNAS5/A3/B4 variant

Model B: Direct Effect (CHRNA5/A3/B4 variant>phenotype)
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v

Nicotine phenotype

FiGure 1. Model A shows the total effect (c) of CHRNAS5/A3/B4 variant (rs3743078, rs684513, or rs578776) on nicotine phenotypes, without accounting for
the effect of craving. Model B shows the decomposition of the total effect into the direct effect (c”) and indirect effect (a x b) through craving.

Indirect effects estimation (mediation)

Using the SAS process macro (Hayes, 2013), a series
of linear regressions were estimated, correcting for demo-
graphics, using the conceptual models shown in Figure
1, where “CHRNAS5/A3/B4 variant” refers to rs3743078,
rs684513, or rs578776. (No indirect effects were evaluated
for rs16969968, as there was no evidence for association
with craving.) First, each outcome phenotype was regressed
on the CHRNA5/A3/B4 variant risk factor to estimate its to-
tal effect on CPD or FTND (Figure 1, Model A, regression
coefficient c). Then, the nicotine craving scale was standard-
ized (M =0, SD = 1) and was regressed on the CHRNAS5/A3/
B4 variant (coefficient a). Last, each outcome was regressed
on the CHRNA5/A3/B4 variant with standardized nicotine
craving in the model (Figure 1, Model B), to estimate the
effect of craving on the phenotype (coefficient b) and the
direct effect of the CHRNAS5/A3/B4 variant on the phenotype
(coefficient ¢). The indirect effect through craving was cal-
culated as the product of coefficients a and b.

Bias-corrected 95% confidence intervals (CIs) from
10,000 bootstrap samples were produced for the indirect ef-
fect (a x b) as well as bootstrapped standard errors (Hayes,
2013), used to obtain p values. A 95% CI completely above
zero indicates a significant indirect effect at the p = .05 level
(Hayes, 2013). To account for the correlated variants, which
represented 1.66 “variants,” and the correlated outcomes
(CPD, FTND), which reflected 1.40 “phenotypes” based on
matrix spectral decomposition (Nyholt, 2004b), an adjusted
p value of 0.05 / (1.66 x 1.40) = 0.022 was applied. Using
bootstrapping improves on tests based on the normal theory
approach (e.g., the Sobel test), as the sampling distribu-
tion of indirect effects is rarely normal (Hayes, 2013). A
significant indirect effect (i.e., p < .022 after correcting for
correlated gene variants and outcomes) suggests that the
CHRNAS5/A3/B4 variant high-risk group (e.g., rs3743078
GG/CG group) is associated with higher craving scores,
which in turn is associated with higher CPD or FTND
scores. The values for the direct and indirect effects are
the amount (averaged over the sample) by which CPD or
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TasLE 1. Allele and genotype frequencies for CHRNAS5/A3/B4 variants
HWE
Variant n Allele Frequency Genotype Frequency x> P
rs684513 1,217 C 0.77 CcC 0.58 1.95 174
G 0.23 CG 0.37
GG 0.05
1516969968 1,170 G 0.64 GG 0.42 2.67 .102
A 0.36 GA 0.44
AA 0.14
rs578776 1,215 G 0.70 GG 0.50 1.63 212
A 0.30 GA 0.41
AA 0.10
13743078 1,220 G 0.72 GG 0.51 0.08 787
C 0.29 CG 0.40
CcC 0.08

Notes: n = number successfully genotyped; HWE = Hardy—Weinberg equilibrium. Frequencies do not

always total 1 due to rounding.

FTND is increased in the rs3743078 GG/CG group, either
directly or indirectly through craving. Last, the proportion
of the effect of rs3743078 that acts through craving was cal-
culated as (indirect effect/total effect) x 100. Results focus
on rs3743078 because that variant showed the strongest evi-
dence for indirect effects, and further analyses were carried
out for rs3743078 only.

Exploratory analysis

Analysis was carried out to further explore the complex
relationships between rs3743078, craving, CPD, and nicotine
dependence (FTND). First, the alternate direction of an indi-
rect effect of rs3743078 on craving through CPD was evalu-
ated. Second, to determine if FTND items could act similarly
to craving in mediating the effect of rs3743078 on FTND,
an indirect effect of rs3743078 on FTND through CPD was
evaluated. (Although CPD is categorized in the FTND, con-
tinuous CPD was used to maintain consistency with the other
analyses reported here.) In addition, the association between
rs3743078 and FTND score adjusting for each of the other
FTND items was examined. (Formal indirect effects evalu-
ation of binary FTND items was beyond the scope of this
study.)

Supplementary analysis

Analysis (using STRUCTURE 2.2; Pritchard et al., 2000)
of the AIMs showed no detectible population substructure
within this Israeli sample (Listman et al., 2010); thus, no
probabilities of subpopulation membership were calcu-
lated. When non-Jewish samples were included to establish
parental populations for clustering, four subpopulations
were identified (Listman et al., 2010). Two subpopulations
reflected the Northern-to-Southern European cline (average
contributions to present sample: 46.7% Northern, 48.7%
Southern), with minor contributions from “African” (1.7%)

and “Asian” (2.9%) populations. Among respondents with
genotyped AIMs (N = 584), indirect effects were estimated
adjusting for population substructure, by including the prob-
abilities of subpopulation membership as continuous control
variables in the regression analyses.

Results

Allele and genotype frequencies for the variants for
the entire sample are shown in Table 1. All distributions
were consistent with HWE expectations (Table 1). All
variants were in strong linkage disequilibrium based on D’
(0.87-0.99; Table 2). rs684513, rs578776, and rs3743078
showed moderate to strong correlation (72 = .53—.88), but
weaker correlation with rs16969968 (12 = .16—.23). In initial
analysis, 1s3743078 showed the strongest association with
nicotine phenotypes; detailed findings are therefore reported
for rs3743078.

Among lifetime smokers, 92.9% (n = 615) were in the
rs3743078 GG/CG (high risk) group (Table 3), and mean
scores were as follows: craving scale, 3.74 (SD = 2.54);
CPD, 23.7 (SD = 15.8); and FTND, 3.40 (SD = 2.46).

Total effects of rs3743078
Variant rs3743078 was significantly associated with each

of the three phenotypes tested. On average, the GG/CG
group scored 1.16 higher on the craving scale (p = .0025),

TaBLE 2. Linkage disequilibrium between CHRNAS5/A3/B4 variants among
whole sample, showing D" above the diagonal and r? below

Variable 1s684513 1516969968  1s578776  rs3743078
1s684513 - .96 .87 .87
rs16969968 .16 — .99 .99
1s578776 53 23 - 97
rs3743078 .59 22 .88 —




232 JOURNAL OF STUDIES ON ALCOHOL AND DRUGS / MARCH 2016

TABLE 3. Association between nicotine phenotypes and rs3743078 in lifetime smokers (n = 662)

Craving CPD FTND
Variable M SD M SD M SD
GG/CG (n=615) 3.8 2.5 24.1 15.9 35 2.5
CC (n=47) 2.7 2.5 18.2 12.8 2.4 2.1
b [95% CT] P [95% CI] p b [95% CI] P

Linear regression

analysis” 1.16  [0.41,1.91] .0025

631 [1.85,10.78] .0057 1.12

[0.40, 1.84] .0024

Notes: SD = standard deviation; CI = confidence interval; craving = craving scale, lifetime, with higher values indicating greater
craving (range: 0-8); CPD = cigarettes per day, during period of heaviest smoking (range: 1-80); FTND = Fagerstrom Test for
Nicotine Dependence, lifetime (range: 0-8); b = regression coefficient; p values are reported to allow evaluation of significance,
using a p value of .0068 to adjust for multiple testing. “Genotypes GG (n = 351) and CG (n = 264) were combined into one group
because means for the phenotypes were virtually the same: craving, GG M = 3.81 (SD = 2.56), CG M = 3.83 (SD = 2.55); CPD, GG
M =24.16 (SD = 16.23), CG M = 24.06 (SD = 15.49); FTND, GG M = 3.48 (SD = 2.55), CG M = 3.48 (SD = 2.37). Adjusted for
demographics: age, sex, ethnicity (immigrant from former Soviet Union status).

smoked 6.31 more CPD (p =.0057), and scored 1.12 points
higher on the FTND (p = .0024) (Table 3). For CPD and
FTND, these values correspond to the total effect shown in
Model A (c in Figure 1). Craving was associated with in-
creased CPD (regression coefficient » = 3.10, 95% CI [2.71,
3.49], p < .0001) and increased FTND (b = 0.64, 95% CI
[0.58, 0.69], p <.0001).

Decomposition of the rs3743078 effect

With craving included (Figure 1, Model B), the total ef-
fect of rs3743078 on CPD was decomposed into a direct
effect (¢’) and an indirect effect through craving (a x b).
On average, participants with rs3743078 genotypes GG/
CG smoked 6.31 more CPD than participants with the CC
genotype, with an increase of 3.56 cigarettes (95% CI [1.22,
5.85], p = .0026) because of the indirect effect of GG/CG
through craving, and the remaining increase of 2.75 ciga-
rettes (95% CI [-1.11, 6.61], p = .16) independent of crav-
ing (direct effect). Of the rs3743078 effect on CPD, 56.4%
was indirect through craving. Similarly, participants in the
1s3743078 GG/CG group scored on average 1.12 points
higher on the FTND than those in the CC group, with a 0.73
point increase (95% CI [0.25, 1.20], p = .0024) because of
the indirect effect through craving, and the remaining 0.38
point increase (95% CI [-0.16, 0.93], p = .17) independent of
craving. Of the rs3743078 effect on the FTND score, 65.2%
was indirect through craving.

Exploratory analysis

Additional analyses explored the relationships between
1rs3743078, craving, CPD, and nicotine dependence (FTND).
The alternate model of rs3743078 risk associated with
increased CPD that was associated with increased craving
was supported, with indirect effects (0.55, 95% CI [0.19,
0.88], p = .001) through CPD for rs3743078 and craving.
A significant indirect effect through CPD was observed for

1rs3743078 and FTND (0.79, 95% CI [0.27, 1.26], p = .002).
Other FTND items (e.g., time to first cigarette in the morn-
ing, difficulty refraining from smoking) were also associated
with rs3743078 and behaved similarly to the craving scale;
that is, when each item was included in the regression analy-
sis, the association of rs3743078 and the FTND score was
weaker (Table 4).

Supplementary analysis

Although there was no detectible population substruc-
ture in this Israeli sample alone, when other samples were
included in the structure analysis, four subpopulations were
identified. When adjusting for population substructure, the
total effects of rs3743078 on CPD (4.89, 95% CI [0.13,
9.65], p = .044) and FTND (0.77, 95% CI [0.01, 1.54], p =
.048) were reduced, whereas the effect of rs3743078 on crav-
ing remained similar (1.08, 95% CI [0.27, 1.89], p = .009).
Thus, the indirect effects through craving were significant,
even when adjusting for possible population stratification:
CPD, indirect effect = 3.30 (95% CI [0.77, 5.70], p = .009);
FTND, indirect effect = 0.69 (95% CI [0.16, 1.17], p = .008).

Additional variants: rs684513, rs578776, and rs16969968

Weaker association results (total effects) were seen for
the two variants correlated with rs3743078. The rs684513
CC/CG group (prevalence = 95.6%; n = 632) was nominally
associated with higher craving (p = .014) and FTND (p =
.020), but not with CPD (Table 5); associations were not
significant after adjusting for multiple testing. The rs578776
GG/GA group (prevalence = 91.5%; n = 602) was only
nominally associated with higher craving (p = .048) and
FTND (p = .045) (Table 6). All total effects for rs684513 or
rs578776 were nonsignificant when adjusted for rs3743078,
and results were not stronger with rs684513/rs3743078/
rs578776 haplotypes, since association was driven by
1s3743078. Variant rs684513 showed indirect effects through
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TaBLE 4. Association between FTND items, FTND score, and rs3743078, in lifetime smok-

ers (n = 662)
Association of total
Association of FTND score with
FTND item with rs3743078 risk factor’:
183743078 risk factor®: Regression coefficient
FTND item OR [95% CI] OR [95% CI]

Smoking just/shortly after
getting up in the morning®
Difficulty refraining when
smoking was not allowed
Smoking more frequently
in the morning
Smoking even when ill in bed

2.14[1.11, 4.15]* 0.43 [0.01, 0.85]*

2.25[1.23, 4.14]%* 0.53 [-0.04, 1.10]
3.71 [0.88, 15.58] 0.68 [0.07, 1.29]*

1.02 [0.52, 2.00] 1.04 [0.50, 1.58]#**

Notes: Categorical cigarettes per day (CPD) is a Fagerstrom Test of Nicotine Dependence
(FTND) item, but it was not included in this table because indirect effects were evaluated for
continuous CPD. OR = odds ratio; CI = confidence interval. “From logistic regression, adjust-
ing for sex, age, ethnicity. “From linear regression, adjusting for sex, age, and ethnicity, as well
as the FTND item. “Proxy for “How soon after waking do you smoke your first cigarette?”
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%p < .05; **p < 01; *+%p < 0001,

craving for CPD (3.69, 95% CI [0.41, 6.75], p = .023) and
FTND (0.76, 95% CI [0.09, 1.37], p = .021), with p values
at the .022 cutoff, whereas rs578776 showed indirect effects
that were not significant for CPD (2.17, 95% CI [-.24, 4.52],
p =.073) and FTND (0.44, 95% CI [-0.06, 0.91], p = .078).
No associations between rs16969968 and nicotine pheno-
types were observed (Table 7).

Discussion

This study presents novel findings that the rs3743078
variant in the CHRNAS5/A3/B4 gene cluster shows indirect
effects on nicotine consumption (CPD) and FTND score
through craving. We showed that having at least one copy
of the major allele (genotypes GG/CG) of rs3743078 is as-
sociated with increased nicotine craving, CPD, and FTND
scores. Decomposition of these effects suggests that the
rs3743078 variant is associated with nicotine craving, which
in turn is associated with CPD and FTND scores.

Results from the present study are consistent with a large

literature showing that the rs578776/rs3743078-tagged lo-
cus is related to CPD and FTND (Bierut et al., 2008; Chen
et al., 2009; Greenbaum et al., 2009; Saccone et al., 2007,
2009a, 2009b, 2010; Stevens et al., 2008). Previous studies
assumed an additive model (Chen et al., 2009; Greenbaum et
al., 2009; Saccone et al., 2009a, 2009b, 2010; Stevens et al.,
2008). However, our data fit a recessive model, with similar
phenotype values in respondents with one or two copies of
the major allele and lower phenotype values in respondents
homozygous for the minor (protective) allele.

No previous study analyzed the association of the
rs578776/rs3743078 locus with craving. One study showed
an association of three related craving measures with CHR-
NA5/A3/B4 variant 1516969968 (Chen et al., 2012), which
is not consistent with our results showing no association.
Another study showed an association of a craving scale with
joint haplotypes of variants rs16969968 and rs578776, but
only among early-onset smokers (Baker et al., 2009). Thus,
evidence overall is growing that craving is associated with
variants in CHRNA5/A3/B4. However, the extent to which

TaBLE 5. Association between nicotine phenotypes and rs684513 in lifetime smokers (n = 661)

Craving CPD FTND
Variable M SD M SD M SD
C/CG (n=632)" 3.8 2.5 239 15.8 3.5 2.5
GG (n=29) 2.7 2.7 19.4 14.7 2.3 22
b [95% CI] )4 [95% CI] P b [95% CI] )4
Linear regression
analysis® 1.19  [0.24,2.14] .014 4.78 [-0.87,10.43] .097 1.08 [0.17,1.99] .020

Notes: SD = standard deviation; CI = confidence interval; craving = craving scale, lifetime, with higher values indicating greater
craving (range: 0-8); CPD = cigarettes per day, during period of heaviest smoking (range: 1-80); FTND = Fagerstrom Test for
Nicotine Dependence, lifetime (range: 0-8); b = regression coefficient; p values are reported to allow evaluation of significance,
using a p value of .0068 to adjust for multiple testing. “Genotypes CC (n = 386) and CG (n = 246) were combined into one group
because means for the phenotypes were very similar: craving, CC M = 3.78 (SD = 2.55), CG M = 3.80 (SD = 2.50); CPD, CC M
=23.63 (SD = 16.09), CG M = 24.31 (SD = 15.38); FTND, CC M = 3.40 (SD = 2.51), CG M = 3.54 (SD = 2.38). *Adjusted for

demographics: age, sex, ethnicity.
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TABLE 6. Association between nicotine phenotypes and rs578776 in lifetime smokers (n = 658)

Craving CPD FTND
Variable M SD M SD M SD
GG/GA (n=602)" 3.8 2.5 239 15.9 35 2.5
AA (n=56) 3.1 2.8 21.0 14.7 2.8 22
b [95% CI] P b [95% CI] P b [95% CI] P
Linear regression
analysis? 0.70  [0.01, 1.39] .048 3.14  [-1.01,7.29] .140 0.68 [0.04, 1.35] .045

Notes: SD = standard deviation; CI = confidence interval; craving = craving scale, lifetime, with higher values indicating greater
craving (range: 0-8); CPD = cigarettes per day, during period of heaviest smoking (range: 1-80); FTND = Fagerstrom Test for
Nicotine Dependence, lifetime (range: 0-8); b = regression coefficient; p values are reported to allow evaluation of significance,
using a p value of .0068 to adjust for multiple testing. “Genotypes GG (n = 339) and GA (n = 263) were combined into one group
because means for the phenotypes were very similar: craving, GG M = 3.83 (SD = 2.57), GA M = 3.77 (SD = 2.33); CPD, GG M
=24.34 (SD = 16.30), GA M = 23.35 (SD = 15.33); FIND, GG M = 3.53 (SD = 2.55), GA M = 3.37 (SD = 2.39). ®Adjusted for

demographics: age, sex, ethnicity.

inconsistent results are attributable to differences in craving
measures or sample characteristics remains unclear. Further
studies using multiple measures of craving across different
populations can help elucidate the relationship of craving to
CHRNAS5/A3/B4 variants, increasing our understanding of its
biological underpinnings.

Results indicating that the rs3743078 effect acts through
craving support the sensitization-homeostasis model
(DiFranza & Wellman, 2005) and other models (e.g., Be-
nowitz, 2010) of craving as central to nicotine use and
disorders. Among lifetime smokers, various factors generate
craving, such as situational cues, stressful life events, toler-
ance, or withdrawal (DiFranza & Wellman, 2005). Craving
leads to smoking, providing nicotine to the brain, where
nicotine binds to receptors and activates neuronal pathways
that determine nicotine effects on the smoker. These effects
include inhibiting craving, which reduces smoking, until
factors generate craving again (DiFranza & Wellman, 2005).
Thus, receptor variants (based on CHRN gene variation) that
affect aspects of nicotine-receptor biology, such as strength
or duration of nicotine’s binding or activation of neuronal
cascades (Greenbaum & Lerer, 2009), could also affect

TaBLE 7. Association between nicotine phenotypes and rs16969968 in
lifetime smokers (n = 627)

Variable Craving CPD FTND
Additive model, M (SD)
AA (n=97) 3.8(2.6) 25.9 (17.5) 3.6 (2.7)
GA (n=261) 39(24) 22.8 (14.7) 3424
GG (n=269) 3.7(2.7) 23.7 (16.1) 33(24)
F value® 0.39 1.33 0.44
Recessive model, M (SD)
AA (n=97) 3.8 (2.6) 25.9(17.5) 3.6 (2.7)
GG/GA (n =530) 3.8(2.6) 23.3(15.4) 34(24)
F value® 0.01 2.26 0.79

Notes: SD = standard deviation; craving = craving scale, lifetime, with
higher values indicating greater craving (range: 0-8); CPD = cigarettes per
day, during period of heaviest smoking (range 1-80); FTND = Fagerstrom
Test for Nicotine Dependence, lifetime (range: 0-8). “F value from analysis
of variance comparing means by genotype group; for all F values, p > .05.

craving, subsequently modulating smoking frequency and
nicotine dependence.

Although these data support the model of rs3743078 as-
sociated with craving, which is associated with consumption/
dependence, directionality cannot be determined in cross-
sectional data. While the rs3743078 genotype precedes crav-
ing and CPD or FTND, the relationships between craving,
cigarette consumption, and FTND are complex. Although
studies support craving motivating smoking (DiFranza &
Wellman, 2005; Doubeni et al., 2010), there is probably a
reciprocal relationship, with increased smoking influenc-
ing increased craving and increased craving influencing
increased smoking. The alternate model of an indirect effect
through CPD on craving was also supported. Nevertheless,
evidence suggests that controlling craving is key to suc-
cessfully reducing smoking or quitting (American Cancer
Society, 2014; National Health Service, 2012); considering
craving the mediator provides a more useful model from the
public health perspective. In addition, craving is not the only
mediator of the relationship between rs3743078 and nicotine
dependence. For example, there was evidence for an indirect
effect of rs3743078 on FTND through CPD. Furthermore,
inclusion of other FTND items (e.g., time to first cigarette,
difficulty in refraining from smoking) results in a weaker
association between rs3743078 and FTND score, suggesting
possible mediation. Again, the craving mediator model has
more utility, since controlling craving could influence con-
sumption, the time to first cigarette, and the difficulty in re-
fraining from smoking, thus reducing FTND score (nicotine
dependence). Because mediation analysis in cross-sectional
data can be imprecise (Maxwell & Cole, 2007), once sup-
port is provided for a specific model, longitudinal studies
designed to establish causality should determine the complex
relationships between rs3743078, craving, cigarette smoking,
and nicotine dependence.

Based on these results indicating that a CHRN variant
may influence nicotine phenotypes indirectly via craving,
statistical and biological studies can be designed to further
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our understanding of craving and nicotine use disorders.
Functional molecular studies should investigate the mecha-
nism by which variation in rs3743078 (or in correlated vari-
ants) affects nicotine outcomes. Identifying additional loci at
CHRNA5/A3/B4 or other CHRN genes that similarly affect
nicotine phenotypes would increase our understanding of
CHRN gene effects. Nicotine binding leads to other neuronal
changes, such as activation of the dopamine-mediated re-
ward pathway, hypothesized to play a strong role in nicotine
dependence (Rose, 2007). Determining how this and other
possible paths to nicotine disorders (e.g., the calming effect
of smoking; Rose, 2007) are related to CHRN gene variation
and the craving pathway will help elucidate the complex
ways in which nicotine disorders can develop and aid in
designing tailored interventions.

We note study limitations. First, recall for nicotine pheno-
types may be less precise among former than current smok-
ers. However, the effect decomposition (mediation) results
were unchanged when adjusted for current smoking status,
suggesting that recall issues in former smokers did not affect
results. Second, the study omitted an FTND question with
poor psychometric properties (“Which cigarette would you
hate most to give up”). However, omitting this may actually
have strengthened the results by improving the overall psy-
chometric properties of the scale; research in other samples
is needed to determine this. Third, we assumed normally
distributed outcomes, as regression analysis is generally
considered highly robust to deviations from normality in
the errors unless the sample is very small (Hayes, 2013).
Furthermore, the skew and kurtosis of the regression errors
(residuals) are all less than 3, within the range considered
acceptable to satisfy the normality assumption (Kline,
2010). Fourth, the cross-sectional design limits the ability to
determine the directionality of these associations, although
the directions modeled in this study are based on a theoreti-
cal model (DiFranza & Wellman, 2005) and supported by
the results. Longitudinal studies are warranted to determine
the exact temporal relationships between rs3743078, crav-
ing, and cigarette consumption or nicotine dependence.
Fifth, replication in larger samples, specifically with more
individuals in the rs3743078 CC genotype group (low risk),
should be conducted to further explore the indirect effects
of rs3743078 via craving and provide more precise effect
estimates. Last, variables that are affected by rs3743078 and
that influence the relationship between craving and consump-
tion or dependence (e.g., response to smoking, including a
calming effect; withdrawal) may exist. More complex mod-
els incorporating such variables should be developed and
examined in the future.

The lack of observed association between rs16969968
and nicotine phenotypes in this sample was inconsistent with
most previous studies but consistent with others. Although
rs16969968 is considered robustly associated with CPD
based on meta-analyses in populations of European origin

(Furberg et al., 2010; Liu et al., 2010; Saccone et al., 2010),
some of the individual data sets within the meta-analyses did
not show a significant association between rs16969968 and
CPD (e.g., Figure 1 in Saccone et al., 2010). Although previ-
ous studies showed an association between rs16969968 and
FTND (reviewed in Ware et al., 2012), other studies did not
find evidence for this association (Sherva et al., 2010; Wessel
et al., 2010); evidence for this association is less robust than
for CPD. As additional evidence accumulates from diverse
populations with different genetic backgrounds and motiva-
tions for smoking, the relationship between rs16969968 and
smoking phenotypes may become better understood.

Furthermore, genetic studies in Jewish samples can
provide unique information because such samples have
different frequencies for some genetic variants than popula-
tions of European origin (Behar et al., 2010; Guha et al.,
2012; Ostrer & Skorecki, 2013). For example, differences
were observed in the prevalence of alleles protective against
alcoholism (e.g., ADH1B*2; Hasin et al., 2002; Neumark
et al., 1998) and in the prevalence of risk alleles associ-
ated with type 1 diabetes and Alzheimer’s disease (Guha
et al., 2012). Analysis in diverse populations can indicate
the robustness of genetic associations or can suggest more
complex relationships. This Jewish sample has CHRNAS5/A3/
B4 variant allele frequencies similar to other populations of
European descent and similar linkage disequilibrium struc-
ture, with high D’ between the 1s16969968 and rs3743078
loci, but low 72 (Greenbaum & Lerer, 2009; Saccone et al.,
2007, 2009a, 2009b; Sherva et al., 2010). These similarities
suggest that CHRNA5/A3/B4 allele prevalence and genetic
architecture are not the main reasons underlying differences
between other studies and our results (i.e., recessive model
for rs3743078 and no overall association with rs16969968).
In addition, the evidence for overall association between
rs3743078 and CPD or FTND was weaker when adjusting
for potential population substructure that was only identified
when including non-Israeli samples. This most likely does
not indicate spurious associations, given the previous studies
providing strong evidence for association of rs3743078 and
nicotine-related phenotypes. Rather, the weaker evidence
might suggest the presence of other genetic factors that are
related to the unique Jewish genetic background (and ac-
counted for in the adjustment for population substructure)
and are associated with both the CHRNAS5/A3/B4 locus and
nicotine-related phenotypes. These issues indicate the need
for further studies to identify other genetic or environmental
factors that act together with CHRNAS5/A3/B4 variants to
influence nicotine phenotypes.

Conclusions
In conclusion, we examined the role of craving in the re-

lationship between a genetic risk factor (rs3743078 in CHR-
NA5/A3/B4) and two nicotine phenotypes. This is the first
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study to provide evidence for indirect effects of rs3743078
on consumption and dependence through craving. This study
has implications for further studies of the CHRNAS5/A3/B4
rs3743078 locus and these phenotypes because it suggests
that information is lost by not including craving in these
models, and it provides the basis for constructing more com-
plex models incorporating other genetic loci or phenotypic
variables. Furthermore, these results provide support for
models positing that craving is central to nicotine disorders
and may have utility as a target of therapeutic interventions,
setting the stage for longitudinal studies to confirm these
findings. Understanding how genetic risk factors potentially
influence phenotypes provides important insight into the eti-
ology of nicotine behaviors and disorders, potentially leading
to better interventions.
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