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Cigarette smoking is influenced both by genetic and environmental factors. Until this year, all large-scale gene identification studies
on smoking were conducted in populations of European ancestry. Consequently, the genetic architecture of smoking is not well
described in other populations. Further, despite a rich epidemiologic literature focused on the social determinants of smoking, few
studies have examined the moderation of genetic influences (for example, gene–environment interactions) on smoking in African
Americans. In the Detroit Neighborhood Health Study (DNHS), a sample of randomly selected majority African American residents
of Detroit, we constructed a genetic risk score (GRS), in which we combined top (P-value o5� 10� 7) genetic variants from a
recent meta-analysis conducted in a large sample of African Americans. Using regression (effective n¼ 399), we first tested for
association between the GRS and cigarettes per day, attempting to replicate the findings from the meta-analysis. Second, we
examined interactions with three social contexts that may moderate the genetic association with smoking: traumatic events,
neighborhood social cohesion and neighborhood physical disorder. Among individuals who had ever smoked cigarettes, the GRS
significantly predicted the number of cigarettes smoked per day and accounted for B3% of the overall variance in the trait.
Significant interactions were observed between the GRS and number of traumatic events experienced, as well as between the GRS
and average neighborhood social cohesion; the association between genetic risk and smoking was greater among individuals who
had experienced an increased number of traumatic events in their lifetimes, and diminished among individuals who lived in a
neighborhood characterized by greater social cohesion. This study provides support for the utility of the GRS as an alternative
approach to replication of common polygenic variation, and in gene–environment interaction, for smoking behaviors. In addition,
this study indicates that environmental determinants have the potential to both exacerbate (traumatic events) and diminish
(neighborhood social cohesion) genetic influences on smoking behaviors.
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Introduction

Cigarette use is a leading risk factor formultiple illnesses and a
major public health concern.1 Twin and family studies have
demonstrated that smoking is influenced both by genetic and
environmental factors.2,3 Genome-wide association studies
(GWAS) in populations of European ancestry have identified
common genetic variation associated with smoking behaviors.
An initial GWAS of smoking quantity identified associations
with genetic variants in several of the nicotinic acetylcholine
receptors clustered on chromosome 15.4 Meta-analyses in
three large consortia of smoking behaviors confirmed the
GWAS finding and refined the association signal within the
locus.5,6 Additional genetic risk variants have been identified
for smoking quantity, including neuronal nicotinic acetylcholine
receptor subunit beta-3 (CHRNB3) and alpha-6 (CHRNA6),4

cytochrome P450, family 2, subfamily A, polypeptide 6
(CYP2A6)4,6 and LOC10018894,6 a variant residing in a gene
whose function is currently unknown. Of the variants identified
to date, each genetic variant, or single-nucleotide polymorph-
ism (SNP), accounts for a very small proportion of the variance

in smoking behavior (o2%). Smoking behaviors are complex

genetic traits, influenced by multiple genetic variants,7,8 which

likely interact with the individual’s social context.9–12 Polygenic

risk scores, which aggregate common genetic risk variants,

have been increasingly used to model the genetic architecture

of complex traits.8,13–15 In addition to circumventing the

statistical stringency of multiple test corrections necessary

for GWAS, this method may more accurately reflect the

underlying genetic architecture of complex behaviors, such as

cigarette use.
Until last year, all large-scale gene identification studies on

smoking were conducted in populations of European ances-

try. Conducting genetic association (and gene–environment

interaction) studies in populations of African ancestry is

important because of their greater genetic diversity and the

evolutionary differences in disease allele frequency and

linkage disequilibrium patterns.16 Due to the lack of gene

identification studies in populations of diverse ancestry, the

genetic architecture of smoking-related traits is not well

described in groups that are not of European ancestry. This
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is an important gap in the literature, as there is evidence that
genetic determinants have important implications for multiple
addictive behaviors in populations globally.17 The Study of
Tobacco in Minority Populations (STOMP) Genetics Con-
sortium, which represents 13 GWAS studies of men and
women of African ancestry, was created to search for genetic
risk loci for smoking behaviors in this population. Recently,
STOMP conducted a meta-analysis of smoking phenotypes
(for example, number of cigarettes smoked per day and age of
smoking initiation) in 32 389 African Americans (effective
sample size B15 000).18 This well-powered meta-analysis
produced one genetic variant of genome-wide significance
(cholinergic receptor, nicotinic, alpha 5, CHRNA5 SNP
rs2036527, Po5� 10� 8), several additional variants that
were approaching significance (Po5� 10� 7) and many
variants that fell short of statistical significance for the
prediction of cigarettes smoked per day.
Whereas the identification of specific genetic variants is

necessary to determine the underlying biological mechanism
of risk, understanding how these variants interact with aspects
of the environment, both on the individual andmacro levels, to
produce risk for smoking behaviors remains crucial to develop
downstream public health interventions. Epidemiologists
have long been investigating smoking and related sub-
stance-use behaviors in heterogeneous populations.19 For
example, (self-identified) African Americans, on average,
initiate smoking later20 and smoke fewer cigarettes per
day,20,21 yet are less likely to successfully quit smoking.
Further, they have a higher risk of smoking-related lung
cancer than many other populations.22 In addition, individual-
level factors, such as the experience of trauma23 and lack of
social support from family and peers,24 have been associated
with increased substance use.25

Neighborhood-level factors have also been associated with
the risk of substance use. In particular, previous studies have
found an inverse relationship between neighborhood social
cohesion and substance-use outcomes,26 suggesting that
neighborhood social cohesion may act as a protective factor
against the risk of smoking initiation. In addition, studies that
examined the relationship between neighborhood physical
characteristics and substance-use outcomes found that
poorer neighborhood quality (dilapidated building structures)
was associated with substance-use disorders.27,28

It is likely that genetic factors and one’s social context jointly
shape one’s risk for smoking behaviors.9–11 Further, many of
the genetic and environmental risk factors are likely to be
shared with other substance-use behaviors and disor-
ders.19,29 Although no study to our knowledge has specifically
examined the interaction between genetic variants and
neighborhood social cohesion or physical disorder, previous
studies have reported interactions between genetic variants
and individual-level predictors of substance use, such as the
experience of traumatic life events.30,31 For example, inter-
actions between trauma with genetic variants including
dopaminergic and nicotinic receptors have been reported as
incurring risk for smoking.32–34 Evidence for the interaction
between the experience of childhood trauma and risk at the 5-
HTTLPR locus with regards to smoking behaviors is mixed
with both positive35 and negative22,23 results. Relatedly,
interactions have been observed between aggregated, latent

genetic and environmental influences on cigarette smoking
using the genetically informative twin-family design. Twin
studies have demonstrated that the genetic risk for adolescent
smoking is higher in urban than rural communities.36,37 The
authors posited that urban communities were characterized by
decreased community monitoring that allowed for the greater
expression of genetic predispositions for adolescent sub-
stance use.36,38 Taken together, this literature suggests that
riskier environments (for example, increased stressful life
events and fewer social constraints) enable predispositions
towards substance use to be manifested.39 Despite this
growing GxE literature, few studies have examined the role
of gene–environment interactions in African American popula-
tions. In addition, previous GxE studies have primarily focused
on individual-level factors (the experience of sexual abuse),
whereas macro level influences, such as the social environ-
ment (neighborhood characteristics) have also been demon-
strated to influence smoking behaviors,10,38 and may also
moderate genetic influences on smoking.
Although investigators have examined gene–environment

interactions in smoking using individual genetic variants
(candidate genes) or latent genetic influences (twin studies),
no study to our knowledge has used polygenic risk scores in
the context of GxE for smoking behaviors. A polygenic risk
score aggregates measured genetic variants to more closely
reflect the underlying structure of complex traits; multiple
genetic variants of small effect that act in conjunction with
each other (epistasis) and the external environment (GxE).
Further, as a polygenic risk score aggregates specific genetic
variants, it enables the examination of social factors that may
moderate underlying genetic influences. In this study, we
expand upon the literature by examining the interaction
between an aggregate measure of genetic risk for cigarette
smoking and three environmental exposures that have
previously been associated with increased substance use:
traumatic life events, neighborhood social cohesion and
neighborhood physical disorder. In an effort to model the
genetic architecture of smoking behaviors in African Amer-
icans, the first aim of this study is to use the genetic variants
associated (P-value o5� 10� 7) with number of cigarettes
smoked per day from the STOMPmeta-analysis to predict this
phenotype in the Detroit Neighborhood Health Study (DNHS),
a majority African American population-based sample of
individuals living in Detroit. The second aim of this study is to
test for interaction between the aggregate measure of
molecular genetic risk for cigarette smoking and three
environmental exposures: traumatic life events, neighborhood
social cohesion and neighborhood physical disorder.

Materials and methods

Sample. Participants were recruited from the DNHS
(n¼ 1547), a longitudinal cohort of predominately African
American men and women adults (18þ ) living in Detroit,
Michigan using procedures described in more detail else-
where40 (Supplementary Figure 1). Participants were admi-
nistered a 40-min assessment, which included demographic
variables including self-identified race, sex and age, as well as
questions on psychopathology, substance use, neighborhood
influences and exposure to traumatic events. Assessments
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were administered using structured telephone interviews, and
each participant received $25 for their participation in the
survey. Respondents were also asked to provide blood
specimen by way of venipuncture (or by way of saliva when
blood was unavailable, n¼ 125) and received an additional
$25 if they elected to do so. A total of 778 DNA samples were
collected from consenting participants. Of these 778 indivi-
duals, ages ranged from 18–95 years (mean (M) ¼ 52.65, s.d.
¼ 16.38) and 57.7% were female. When asked how they
would describe their racial backgrounds, 82.5% endorsed
Black/African American, with the remainder of the sample
endorsing Asian, American Indian or Alaska Native. To reduce
stratification, only those who described their backgrounds as
African American were included in the present analyses. In
addition, only individuals who had smoked cigarettes during
their lifetime were included in analyses so that genetic and
environmental influences on the decision to initiate cigarette
smoking are not confounded with genetic and environmental
influences on current frequency of cigarette use.

Measures
Cigarettes per day. The following question was used to
assess the current number of cigarettes smoked each day: In
the past 30 days, on those days when you smoked, on
average, how many cigarettes did you smoke per day?
The number of cigarettes was recorded and standardized
(z-score) to create a quantitative measure of cigarettes
smoked per day. All subjects were asked whether they had
ever smoked cigarettes on at least some days, in their
lifetime. Individuals who had never smoked in their lifetime
(41.8%) were excluded from further analyses.

Traumatic events. The number of traumatic events an
individual experienced was assessed using a checklist of 19
items occurring in the individual’s entire lifetime including the
following: (1) combat or war-zone exposure, (2) rape, (3)
sexual assault, (4) shot or stabbed, (5) tortured or kidnapped,
(6) mugged or threatened with a weapon, (7) badly beaten,
(8) serious motor vehicle accident or injury, (9) serious
accident or injury, (10) natural disaster, (11) diagnosed with
life-threatening disease, (12) child diagnosed with life-
threatening disease, (13) witnessed murder or serious injury,
(14) discovered a dead body, (15) learned that a close friend
or relative was raped or sexually assaulted, (16) learned that
a close friend or relative was physically attacked, (17) learned
that a close friend or relative was seriously injured in a motor
vehicle crash, (18) learned that a close friend or relative was
injured in any accident and (19) sudden death of a close friend
or relative. The number of items endorsed was summed to
create a score that could range from 0–19. Higher scores
reflect having experienced a greater number of traumatic
events. Note that, although throughout this manuscript we
refer to these events as traumatic, it is uncertain that these
potentially traumatic events induced a negative response in
all subjects, merely that the event occurred.

Average neighborhood social cohesion (social cohesion).
The following five items probed each individual’s perception
of the social cohesion in their neighborhood: (1) this is a
close-knit or unified community, (2) people around here are

willing to help their neighbors, (3) people in this neighborhood
generally do not get along with each other (reverse coded),
(4) people in this neighborhood do not share the same values
(reverse coded) and (5) people in this neighborhood can be
trusted. Respondents could agree or disagree with these
statements in varying degrees (1¼ strongly agree through
4¼ strongly disagree). Responses to the items were then
summed to create a score that could range from 0 to 16.
Each of these sum scores were then averaged by neighbor-
hood to create a neighborhood-wide measure of social
cohesion. Higher scores indicate a greater level of average
neighborhood social cohesion.41 Note that neighborhoods
were defined by geocoding DNHS subjects based on census
tracts.28 Neighborhood-level perceptions of social cohesion
were calculated by aggregating the mean social cohesion
scores for all individuals residing in each neighborhood.
Participant addresses were geocoded to block groups, which
in turn were aggregated to the 54 neighborhoods of Detroit.
These neighborhood boundaries are recognized by city
planners as established community boundaries. Neighbor-
hood-level social cohesion scores were divided into roughly
equal tertiles considering aggregate neighborhood-level
social cohesion scores for all the 54 neighborhoods, with a
higher score representing greater cohesion. Further details
on this construct have been published previously.42

Average neighborhood physical disorder (physical disorder).
Systematic assessments of neighborhood physical environ-
ment were conducted by trained independent observers in a
random sample of 138 block groups in all the 54 Detroit
neighborhoods. Observers rated the neighborhood physical
environment on 19 items adapted from the New York City
IMPACT neighborhood evaluation scale.43 Factor analyses
suggested that three items formed a cohesive measure of the
external physical environment, which are as follows: (1)
presence of buildings with broken windows; boarded-up
windows or boarded-up doors; (2) presence of buildings with
outside damage that can only be corrected by major repairs
such as siding, shingles, boards, brick, concrete and stucco
and (3) presence of entirely vacant buildings. These
measures also demonstrated excellent internal consistency
(a¼ 0.83). The factor analyses yielded principal component
values for each block group, which were detailed pre-
viously.28 Frequency values were predicted for those areas
of Detroit that were not evaluated and maps of these
prediction estimates were created. Predicted values were
then averaged by neighborhood so that a higher score
indicates more physical disorders.

Genome-wide association analysis. DNA was isolated from
whole blood (n¼ 688) or, when unavailable, from saliva
(n¼ 125). DNA samples were sent to the Applied Genomics
Technology Facility (Wayne State University, Detroit, MI,
USA) for genotyping using the HumanOmniExpress Bead-
Chips (Illumina, San Diego, CA, USA). Further details
regarding genotyping procedures have been published
previously.44 We genotyped 730525 SNPs. Samples were
removed because of low call rate (o95%) and duplicate
issues, with a remaining sample of 413 women and 365 men.
A total of 688 890 SNPs passed quality control filters
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(call rate 495%, minor allele frequency 40.01, Hardy–
Weinberg disequilibrium P41� 10� 6). Genotype reports
generated using Illumina GenomeStudioGT v. 1.8.4 software
were used to generate PLINK input files (that is, lgen, map
and fam files). We used the MDS analysis of genome-wide
identity-by-state data implemented in PLINK to determine
ancestry in the whole sample. The analysis was conducted
using the 688 890 SNPs that passed quality control filters
previously described. The first two components from the
MDS analysis identified clearly separated clusters that
correlate with self-reported ethnicity identification. The first
two MDS components distinguished African American from
European American participants and others and the second
component distinguished Hispanic and non-Hispanic sub-
jects. To reduce population stratification, we removed all
individuals who described themselves as White/Caucasian in
the association analyses (n¼ 7). Both components were
used to adjust for any remaining population stratification in
the association analyses.

Statistical analyses. Analyses were conducted on the 399
individuals who had each (1) smoked cigarettes (on at least
some days) in their lifetime, (2) had data available on
cigarette use and (3) consented to the collection of DNA.
Only individuals with complete data available were included
in the analyses. For the analytic sample (n¼ 399), descrip-
tive statistics on key variables, as well as a comparison to the
full sample is provided in Table 1.

Polygenic risk score. First, we constructed a polygenic risk
score in which we combined the top genetic variants (all
SNPs reaching a P-value threshold of 5� 10� 7) described in
the STOMP meta-analysis.18 We limited the polygenic risk
score to include only variants associated with the number of
cigarettes smoked per day (and not age of initiation, which
was also analyzed in the STOMP meta-analysis) to limit
phenotypic heterogeneity. This included six SNPs from
multiple genes across chromosomes 15 and 1 (detailed in
Table 2). SNPs were in modest linkage disequilibrium
(r2 values ranged from 0.07 to 0.47), limiting the concern of
redundancy in the genetic risk score (GRS). In cases where
the original SNP was not available in the DNHS, a highly
correlated (r240.9) proxy SNP was used in its place. Each of
the SNPs was weighted by the marker information (risk allele

and effect size) provided from the meta-analysis; each
variant (risk allele) was summed to create an aggregate
GRS, and those variants with a larger effect size (indicated
by the b-coefficient) were given a greater weight. Scores
were computed using PLINK.45

Main effects. Once GRSs were computed for each indivi-
dual, we examined whether the GRS was associated with
frequency of cigarettes smoked per day. Next, we examined
the relationship between aspects of the individual’s social
environment, including the experience of traumatic life
events, neighborhood social cohesion and neighborhood
physical disorder, and whether each environmental variable
was associated with the number of cigarettes smoked per
day in this population. Because of the skewed distribution of
cigarettes smoked per day, all analyses were conducted
using Poisson regression in SAS (SAS Institute, 2003),
adjusting for sex, age and ancestral components (described
previously), as well as appropriate sample weights.

Gene–environment correlation and interaction. Next, we
tested for association between the GRS and the experience
of traumatic life events, neighborhood social cohesion and
neighborhood physical disorder. That is, we conducted a test
of Spearman’s rGE in SAS (SAS Institute, 2003), as the
presence of rGE undermines the interpretation of GxE.46 We
then examined how the GRS interacted with environmental
exposures, for which we did not find a significant rGE to
predict cigarette smoking in this population. Additive inter-
actions were tested in SAS (SAS Institute, 2003), using sex,
age and ancestry as covariates. We assessed the interaction
between the GRS and each environmental variable on the
additive scale by including a cross-product term in separate
linear-Poisson regression models. The estimate for the
cross-product term represents the interaction contrast (IC),
that is, the difference in the differences of the mean number
of cigarettes smoked per day when the risky environment
(increased number of traumatic events, decreased neighbor-
hood cohesion and increased neighborhood physical dis-
order) is present versus absent for those with and without
increased GRSs. w2 tests were used to assess the statistical
significance of the IC and mean differences (MDs) at various
levels of exposure. Plots of regression-adjusted mean
phenotypes with 95% confidence intervals are presented to

Table 1 Descriptive statistics for key variables in the Detroit neighborhood health study

Frequency/mean (s.d.)

Key variable Full sample n¼1547 Full genetic sample n¼ 778 Analytic sample n¼ 399

Female 56.9% 57.7% 51.8%a

Age 49.05 (17.12) 52.65 (16.38) 48.29 (15.05)
African American (self-identified) 86.9% 82.5% 100%a

Lifetime smoker 58.2% 52.2% 100%a

Former smoker 43.4% 44.1% 46.5%
Current smoker 56.6% 55.9% 53.5%

Cigarettes smoked per day 11.99 (13.27) 11.16 (12.19) 11.16 (12.19)
Number of traumatic events 4.38 (3.57) 5.23 (3.81) 5.87 (3.87)a

Neighborhood social cohesion 3.51 (1.47) 3.41 (1.48) 3.38 (1.57)
Neighborhood physical disorder 0.14 (0.70) 0.10 (0.69) 0.15 (0.84)

aIndicates that the analytic sample significantly differs from the full sample (P-value o0.05).
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facilitate interpretation. Note that Table 4 and Figure 1
present results for each environmental exposure as
decreased (1 s.d. below the mean (� 1 s.d.)) and increased
(1 s.d. above the mean (þ 1SD)). Similarly, an increased
GRS is defined as þ 1 s.d. and a decreased GRS is defined
as � 1 s.d. As tests of GxE are often sensitive to scale,47 we
standardized all variables (z-score) to ensure that results
remained robust to transformations.

Results

Descriptive statistics. Over half of the sample (n¼ 406,
52.2%) reported having smoked cigarettes on at least some
days in their lifetime (former smokers included). For these

individuals, the number of cigarettes smoked per day ranged
from 0 to 98 cigarettes (mean¼ 11.16, s.d.¼ 12.19) in the
last 30 days. The number of lifetime traumatic events
reported in this sample ranged from 0 to 19 (mean¼ 5.87,
s.d.¼ 3.87). Scores indicating the sense of neighborhood
cohesion in this sample ranged from 0 to 16 (mean¼ 3.41,
s.d.¼ 1.48). Factor scores indicating the level of neighbor-
hood physical order/disorder in this sample ranged from
� 2.87 to 3.76 (mean¼ � 0.10, s.d.¼ 0.69). Polygenic risk
scores ranged from � 0.01 to 0.02 (mean¼ 0.01, s.d.¼ 0.01;
distribution is depicted in Supplementary Figure 2).

Main effects. Among the analytic sample, the GRS pre-
dicted number of cigarettes smoked per day (risk ratio¼ 1.76
(0.89, 3.49)) and accounted for B3% of the overall variance
in this trait. Traumatic events, neighborhood social cohesion
and physical disorder were related to cigarette use (risk
ratio¼ 1.09 (0.46, 2.60), 0.86 (0.68, 1.09) and 0.56 (0.47,
0.66), respectively). Moreover, whereas traumatic events
and neighborhood physical disorder are associated with an
increase in the number of cigarettes smoked per day,
neighborhood social cohesion is associated with fewer
cigarettes smoked per day. All results are detailed in Table 3.

Gene–environment correlation and interaction. We
found evidence of rGE between the GRS and neighborhood
physical disorder (r2¼ 0.14, Po0.01), but no significant
correlation was observed between the GRS and neighbor-
hood social cohesion or number of traumatic events. Due to
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Figure 1 The Interaction between genetic and environmental predictors of
cigarette use in 399 individuals from the Detroit Neighborhood Health Study.
(a) Genetic risk for smoking (GRS þ 1 s.d.) was greater for individuals who had
experienced an increased number of traumatic events in their lifetimes. (b) Genetic
risk for smoking (GRS þ 1 s.d.) was greater for individuals who lived in a
neighborhood characterized by less social cohesion.

Table 3 Main effects of (a) genetic risk score, (c) traumatic events, (d)
neighborhood social cohesion and (e) neighborhood physical disorder on
cigarette use (cigarettes per day) in the Detroit Neighborhood Health Study
(n¼399)

Cigarettes per day

Predictor Risk ratio (95% CI)a P-value r2

b. Genetic risk score 1.76 (0.89, 3.49) 0.04 0.03
c. Traumatic events 1.09 (0.46, 2.60) 0.01 0.01
d. Social cohesion 0.86 (0.68, 1.09) 0.02 0.01
e. Physical disorder 0.56 (0.47, 0.66) 0.03 0.01

Abbreviation: CI, confidence interval.
r2 refers to the proportion of total variance in cigarettes per day accounted by
each predictor.
aAdjusted for age, sex and ancestry using overdispersed Poisson regression.

Table 2 Top genetic variants associated with cigarettes per day in the STOMP Consortium (P-valueo5� 10� 7; David et al.18) included in the Detroit Neighborhood
Health Study Genetic Risk Score (n¼399)

SNP Chromosome BP position Nearby genes Alleles Coded AF Effect size

rs2036527 15 76638670 CHRNA5 A/G 0.22 0.040
rs667282a 15 76650527 CHRNA5 C/T 0.29 0.033
rs3101457 1 242599837 C1orf100 A/G 0.75 0.041
rs938682 15 76683602 CHRNA3 A/G 0.71 0.033
rs547843 15 23975140 LOC503519 C/G 0.65 �0.035
rs3813570a 15 76619887 PSMA4 C/T 0.26 0.033

Abbreviations: AF, allele frequency; BP, base pair position; CHRNA5¼ cholinergic receptor, nicotinic, alpha 5; C1orf100¼uncharacterized chromosome 1 open
reading frame; CHRNA3¼ cholinergic receptor, nicotinic, alpha 3; LOC503519¼ uncharacterized; PSMA4¼proteasome (prosome,macropain) subunit, alpha type 4;
SNP, single-nucleotide polymorphism.
aNote: When the original STOMP (David et al.18) SNP was not available for analysis in the DNHS, a proxy SNP (r240.9) was used in its place; rs667282 served as a
proxy for rs667282 (r2¼ 0.924), rs7163730 served as a proxy for rs3813570 (r2¼0.916).
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the significant rGE observed between the GRS and
neighborhood physical disorder, we did not test for GxE with
this social environment.
Significant additive interactions were observed between the

GRSand the experience of traumatic events and neighborhood
social cohesion. The association between genetic risk and
smoking was greater for individuals who had experienced
traumatic events in their lifetimes, and diminished for indivi-
duals who had increased social cohesion in their neighborhood
(depicted in Figure 1). Moreover, higher mean numbers of
cigarettes smoked per day were indicated for those with
increased (þ 1 s.d.) genetic risk in both than in those who
experienced a greater (þ 1 s.d.) number of traumatic events
(MD between high (þ 1 s.d.) and low (� 1 s.d.) GRS¼ 1.22)
and thosewho had experienceda decreased (� 1 s.d.) number
of events (MD¼ 0.31), but the genetic influence was even
greater for those who experienced an increased (þ 1s.d.)
number of traumatic events (IC¼ 0.91, Po0.05; detailed in
Table 4, depicted inFigure 1a). Similarly, highermeannumbers
of cigarettes smoked per day were indicated for those with
increased (þ 1 s.d.) genetic risk in neighborhoods character-
ized by diminished (� 1 s.d.) social cohesion (MD between
high and lowGRS ¼ 2.59) and in neighborhoods characterized
by greater (þ 1 s.d.) social cohesion (MD¼ 0.08); however, the
genetic influence was even greater for those who lived in
neighborhoods characterized by less (� 1 s.d.) social cohesion
(IC¼ 2.51, Po0.05; detailed in Table 4, depicted in Figure 1b).

Conclusions

In this study, we found that a polygenic risk score, created by
using genetic variants from the STOMP meta-analysis,
predicted the frequency of cigarettes smoked per day in a
representative sample of African American adult residents of

Detroit. In addition, we found that features of the neighbor-
hood social and physical environments, including social
cohesion and physical disorder, were associated with cigar-
ette use in this population. Finally, we found the evidence of
gene–environment interaction; the association between
genetic risk and smoking was greater for individuals who
had experienced trauma in their lifetimes and diminished for
individuals who had increased social cohesion in their
neighborhoods. These results agree with previous studies
suggesting that riskier environments (for example, increased
stressful life events and fewer social constraints) allow for an
increased expression of genetic predispositions towards
substance use.39 In using the aggregate measure of genetic
risk, informed by the previous literature, we move gene–
environment interaction studies forward by more accurately
modeling the genetic architecture of cigarette smoking.

The relationship between polygenic risk and cigarette
use. The polygenic risk score, comprised of the top genetic
variants (P-value o5� 10� 7) from the STOMP replicated in
the DNHS, accounted for B3% of the total variance in
cigarette-use frequency. In the current literature, polygenic
risk scores typically account for 0.5–4% of the variance in a
complex behavioral trait.7,8 Post hoc analyses indicated that
the effect of the polygenic score was largely driven by the
effect of CHRNA5 SNP rs203652, the only genetic variant
reaching genome-wide significance in the STOMP; however,
the addition of the five other variants significantly increased
the total variance B0.8% in smoking accounted for the GRS
(Supplementary Table 1). There are growing numbers of
studies that have found an association between a variant in
CHRNA5 and smoking phenotypes in diverse populations.48

However, this SNP accounted for B0.2% of the phenotypic
variance of CPD in the African American STOMPmeta-analysis,
while a correlated SNP (rs1051730 A allele) accounted for
0.5% of the phenotypic variance in smoking quantity in
populations of European ancestry.18 Evidence from animal
and magnetic resonance imaging studies support these
findings; a study of CHRNA5 knockout mice showed that re-
expressing this gene in the medial habenula, which extends
projections to a brain region shown to mediate nicotine
withdrawal, abolished the inhibitory effects of nicotine while
maintaining the reinforcing effects of nicotine.49,50 In a
functional magnetic resonance imaging study of smokers,
genetic variation in CHRNA5 appeared to also affect the
reactivity to smoking cues in the insula, hippocampus and
dorsal striatum, regions implicated in addictive behavior and
memory.51 Thus, it is biologically plausible that increased
expression of CHRNA5 could be associated with smoking
quantity as a consequence of neuro-adaptations resulting
from complex interactions between genes and environment.
The GRS was not related to traumatic events or social

cohesion, limiting the concern that gene–environment corre-
lation may bias gene–environment interaction results (type I
error). The GRS was, however, related to neighborhood
physical disorder; greater genetic risk for cigarette-use
frequency was associated with living in a neighborhood
characterized by increased physical disorder. This may
indicate that there are shared risk factors for cigarette use
and neighborhood quality.

Table 4 Additive effects of (a) traumatic events, (b) neighborhood social
cohesion and genetic risk on cigarette use in the Detroit Neighborhood Health
Study

Environmental exposure Genetic risk score Cigarettes per day
mean (95% CI)a

Traumatic life events
� 1 s.d. (n¼685) � 1 s.d. (n¼ 195) 10.91 (09.94,11.89)

þ 1 s.d. (n¼ 58) 11.22 (10.44,11.29)
Differenceb 0.31 (� 0.50, 0.60)
þ 1 s.d. (n¼862) � 1 s.d. (n¼ 295) 10.98 (09.97,11.79)

þ 1 s.d. (n¼ 102) 12.20 (11.58,12.52)
Differenceb 1.22c (0.73, 1.61)
Interaction contrastc 0.91cd (0.23, 1.01)

Neighborhood social cohesion
� 1 s.d. (n¼520) � 1 s.d. (n¼ 171) 09.48 (08.80, 10.56)

þ 1 s.d. (n¼ 57) 12.07 (11.88, 12.26)
Differenceb 2.59c (1.70, 3.08)
þ 1 s.d. (n¼1011) � 1 s.d. (n¼ 317) 10.14 (9.44, 11.23)

þ 1 s.d. (n¼ 102) 10.22 (9.47, 10.18)
Differenceb 0.08 (� 1.85, 2.03)
Interaction contrastd 2.51c (1.05, 3.55)

aAdjusted for age, sex and ancestry using overdispersed Poisson regression.
bDifference between the mean for presence of high genetic risk versus low
genetic risk, calculated on the mean (additive) scale using overdispersed
Poisson regression with linear link function. cP-value o0.05. dDifference of the
differences; additive interaction is indicated when the difference between the
mean differences for the environmental exposure group versus the no-
exposure group is significantly 40.
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The relationship between social risk factors and cigar-
ette use. Our study suggests that in Detroit, neighborhood
social cohesion and physical disorder have opposite asso-
ciations with cigarette smoking among African Americans.
These findings are consistent with prior research. In a recent
study,24 the relationship between social cohesion and
smoking was examined in Black, treatment-seeking, smo-
kers. They found that, although the total effect of social
cohesion on continuous abstinence was nonsignificant,
social cohesion was associated with social support, positive
affect, negative affect and stress, which, in turn, were each
associated with abstinence. In another study of smoking
behaviors in urban neighborhoods, higher collective efficacy,
which represents a combination of social cohesion and social
control, was associated with more smoking in neighborhoods
where smoking norms were permissive; in contrast, higher
collective efficacy was associated with less smoking in
neighborhoods where norms were strongly antismoking.47

Taken together, these results suggest that social cohesion
may facilitate decreased smoking through psychosocial
mechanisms that can result from living in a community with
strong interpersonal connections and antismoking values;
however, this effect is likely contingent upon social norms
within the neighborhood.52 Although previous studies have
examined several physical aspects of the neighborhood in
relation to health outcomes, including depression53 and
substance use,27 no study to our knowledge has explicitly
examined the relationship between neighborhood physical
disorder and cigarette-smoking frequency. Studies that have
examined the relationship between physical disorder and
mental health outcomes found that poorer neighborhood
conditions (that is, more physical disorders) were related to
worse outcomes (that is, more depressive or alcohol use
disorder symptoms). The direction of effect was similar for
this study’s finding in that poorer neighborhood conditions
(more physical disorders) were associated with a greater
frequency of cigarettes smoked. One key mechanism
underlying this relationship has been posited; the stress-
reduction hypothesis suggests that substance use may be
used to relieve distress.54 Therefore, individuals living in
physically deteriorated neighborhoods may use cigarette
smoking as a coping mechanism in response to the stressful
life experiences that cluster in neighborhoods with high levels
of physical disorder.

The relationship between polygenic and environmental
risk factors and cigarette use. In the DNHS, we found
support for a significant additive interaction between the GRS
and traumatic events that was associated with the frequency
of cigarette smoking. As mentioned above, several previous
studies have reported an interaction between a specific
genetic variant and some aspects of trauma as a predictor of
cigarette smoking.32,35 Although genetic risk was related to
an increase in the number of cigarettes smoked per day, the
influence of the genetic risk variants for smoking was greater
for individuals who had experienced trauma in their lifetimes
than for individuals who had not. In this study, we expanded
upon these results by examining the interaction between the
experience of traumatic events and an aggregate measure of
molecular genetic risk for cigarette smoking. The association

between the GRS and cigarette smoking was stronger for
individuals who had experienced more traumatic events.
We also found support for a significant additive interaction

between the GRS and neighborhood social cohesion that was
associated with frequency of cigarette smoking. Genetic risk
for smoking was less influential for individuals who lived in
neighborhoods with higher levels of social cohesion. To our
knowledge, no previous study has specifically examined the
relationship between genetic risk factors and neighborhood
social cohesion, as measured here. However, there have
been studies that have examined the interaction between
genetic risk factors and related environmental risk factors,
such as rural residencies.25,41 In these studies, environmental
contexts characterized by accountability to your peers,
neighbors and community diminished the genetic influences
on substance use. We believe this to be an example of social
control,39 whereby aspects of the social environment restrict
the opportunity to express one’s genetic predisposition for a
risk behavior (cigarette smoking). These results, taken
together with previous studies that have found an inverse
relationship between social support and substance use in
adolescents,26 suggest that these supportive relationships
may act as protective factors against the risk of smoking
behaviors. However, in light of previous studies that have
examined the mechanism behind neighborhood social cohe-
sion,52 this is likely contingent upon neighborhood antismok-
ing attitudes.
There are several strengths of this study. We replicated

common genetic variation in a sample, which also includes
detailed environmental information. In addition, we used a
relatively novel polygene score–environment interaction
method, which allowed a focus on the social context in this
study. We examined one commonly studied social context
(traumatic life events) and two novel aspects of the
individual’s neighborhood (social cohesion and physical
disorder). Most importantly, this is a unique sample collected
for the study of genetic and environmental influences on
mental health and related traits in a population primarily of
non-European ancestry.
There are several limitations of this study as well. First,

because of the sample size, this study is limited in the potential
strength of the association signal. A power calculation indicated
78% power to detect the main effects, given the parameters of
this study. However, the rich environmental data available on
this sample provide the opportunity to refine genetic associa-
tions discovered and validated in larger, better powered
samples. Second, this polygenic risk score is largely driven
by a single variant (CHRNA5 SNP rs203652) and therefore is
not truly polygenic in nature. However, predictive power is
gained from the inclusion of the other genetic variants in the risk
score. Finally, the present analysis uses data available at a
single time point, using retrospective reports of smoking,
traumatic life events and neighborhood characteristics.
Although the genetic and environmental influences on

cigarette-smoking behavior have been well established,
translation of this research into useful risk-factor targets for
public health intervention is lacking. Among the reasons is the
complex nature of smoking behaviors, which are influenced by
multiple genetic and environmental risk factors, each having
very subtle effects. Related is the limitation of current
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statistical and genetic methodologies to successfully identify
novel, replicable variants in relatively small (n o1,000)
samples. Despite these limitations, evidence for the influence
of gene–environment interactions on smoking behaviors is
mounting, both from molecular genetic studies and epidemio-
logic studies. Polygenic risk scores are an aggregatemeasure
of genetic variants that influence the trait of interest and
therefore do not require the rigorous statistical test corrections
required for GWAS. Importantly, these methods allow for the
examination of specific environmental risk factors and how
genetic influences may change as a function of the environ-
mental risk factor. These risk factors, and how they can
diminish or exacerbate genetic influences on cigarette use,
have important implications for public health interventions as
they are potentially modifiable risk factors.
In conclusion, we modeled the genetic architecture of

smoking behaviors in African Americans living in Detroit. We
constructed a GRS that predicted cigarettes smoked per day
and accounted for B3% of the overall variance in the trait. In
addition, significant additive interactions were observed
between this GRS and aspects of the individual’s social
context, including the experience of traumatic events and
neighborhood social cohesion. This study provides support for
the utility of the GRS as an alternative approach to the
replication of common polygenic variation, and gene–
environment interaction, in smoking behaviors. In addition,
this study suggests that interventions should target individuals
who have experienced traumatic life events and emphasizes
the potential importance that promotion of neighborhood-level
social cohesion may have in diminishing genetic vulnerability
to smoking behaviors.
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