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Abstract
Purpose of Review This review focuses on the implementation of genomic discoveries associated with smoking behaviors and
smoking-related illnesses to improve prevention efforts and smoking cessation.
Recent Findings Large-scale studies have discovered genomic variation that contributes to smoking heaviness and smoking
cessation. Variation in the α5 nicotinic acetylcholine receptor subunit (CHRNA5) and the primary nicotine metabolizing gene
(CYP2A6) strongly contribute to smoking behaviors, lung cancer, and chronic obstructive pulmonary disease. The analytic and
clinical validity of these genes is clearly established, and evidence of clinical utility for risk stratification is growing. Equity will
be a critical issue facing the translation of genomic findings into improved health because the majority of genomic studies have
been conducted in European ancestry populations.
Summary Now is the time to increase the state of readiness for implementation of genomic profiling and we must address issues
of increasing healthcare disparities that may arise with this new genomic technology.
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Introduction

The widespread implementation of genomic profiling will
soon enter clinical medicine in the prevention and treatment
of common, complex diseases [1••]. Most common diseases,
including behavioral disorders such as tobacco use disorder,
have underlying genetic contributions that are polygenic,
meaning that hundreds, and likely thousands, of genetic vari-
ants of small effect play a role in the development of the
disorder. With the large-scale genetic studies that include hun-
dreds of thousands to millions of people, these small genetic
effects can now be detected [2, 3••].

The application of state-of-the-art genomic approaches to
smoking behaviors is an appealing area for genomic imple-
mentation. Even though the use of combustible cigarettes is
decreasing, smoking continues to be one of the world’s lead-
ing causes of preventable death. In the USA, more than 34

million people currently smoke cigarettes [4], and worldwide
more than 1.1 billion people use tobacco products [5].
Smoking contributes to the development of lung cancer,
chronic obstructive pulmonary disease, myocardial infarction,
and many other cancers and medical illnesses [6]. Every year,
more than 480,000 people perish from smoking-related ill-
nesses in the USA [6], and worldwide more than 7 million
people die because of their tobacco use [5]. These adverse
health effects from smoking represent a public health crisis
of immense proportion. Though preventive strategies to re-
duce smoking initiation have the strongest effect to improve
public health, we must also aggressively facilitate smoking
cessation for the large number of the people who currently
smoke.

A range of behaviors is seen among smokers, from episod-
ic, low-level smoking to heavy, daily smoking. Those individ-
uals who smoke heavily often have the most difficulty quit-
ting, and despite the strong adverse consequences of smoking,
cessation is a difficult goal. Among current cigarette smokers,
60% to 70% report attempting to quit in the past 12 months,
yet only a minority of smokers are able to quit each year [7, 8].
The difficulty with smoking cessation is most starkly seen in
severely ill individuals who cannot stop smoking because of
the addictive nature of nicotine. Although environmental
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factors are critical to the establishment and persistence of
smoking behaviors, genetic factors play a large role as well.
This review focuses on the genetic discoveries associated with
smoking behaviors and smoking-related illnesses and de-
scribes the potential for using genomic profiling to improve
smoking cessation.

Genomic Contributions to Heaviness
of Smoking and Smoking-Related Illnesses

Large-scale genomic studies of over 1 million people have
been undertaken to discover the underlying genetic variants
that contribute to smoking initiation, heaviness of smoking
measured by cigarettes smoked per day, and smoking cessa-
tion [2, 3••]. The genetic contributions to the development of
these smoking behaviors are polygenic, with at least hundreds
of variants of small effect contributing to the initiation of
smoking, number of cigarettes smoked per day, and successful
smoking cessation. Yet, two genomic regions—variation in
the genes encoding a nicotinic acetylcholine receptor subunit
and a nicotine metabolism enzyme—stand out because of
their particularly strong contributions to smoking heaviness
as well as smoking-related illnesses, lung cancer, and chronic
obstructive pulmonary disease (COPD) [2, 9•, 10–14, 15•,
16]. These genes can be used as a proof of principle of the
opportunities and challenges of genomic profiling.

Genetic variation in the gene encoding the α5 nicotinic
acetylcholine receptor subunit (CHRNA5) is unequivocally
associated with an increased risk of heaviness of smoking,
defined by smoking more cigarettes per day [2, 12]. The α5
nicotinic acetylcholine receptor subunit is one of five subunits
that combines to form a pentameric receptor that binds nico-
tine [17]. A large-scale meta-analysis that pooled genomic
data from over 300,000 European ancestry individuals who
smoked associated a variant in CHRNA5, rs16969968, with
number of cigarettes smoked per day (p = 1.2 × 10−278) [3••],
and this finding has been confirmed across populations of
African and Asian ancestry [18]. The polymorphism
rs16969968 results in an amino acid change from aspartic acid
to asparagine in the α5 subunit, and this specific region in the
α5 protein is highly conserved across species [19].
Experiments have shown that the genomic variation marked
by this single nucleotide polymorphism, rs16969968, alters
the nicotinic receptor function, and thus the response to nico-
tine [19–21]. This variation in the function of the nicotinic
receptor results in a differential response to the nicotine con-
sumed by smoking cigarettes and alters a person’s potential to
become addicted.

Because combustible cigarette smoking is one of the stron-
gest risk factors for the development of lung cancer and
COPD, it is not surprising that there is a convergence of

genetic findings for heaviness of smoking and these medical
conditions. Large-scale studies demonstrate that this same ge-
netic variant, rs16969968, in the gene that encodes the α5
nicotinic acetylcholine receptor subunit and which is associ-
ated with heaviness of smoking, is also one of the strongest
genetic risk factors for lung cancer and COPD [9•, 10, 11, 13,
14, 15•, 16].

A parallel series of results are seen with the associations of
variation in the gene that encodes the primary enzyme cyto-
chrome P450 2A6 (CYP2A6) that metabolizes nicotine.
Nicotine, the key addictive component in cigarettes, is meta-
bolically inactivated by CYP2A6. The gene encoding this en-
zyme (CYP2A6) occurs in multiple different forms, which in
turn causes marked variation in the enzymatic function and
nicotine metabolism—from slow to very fast [22]. This indi-
vidual variation in rates of nicotine metabolism contributes to
the differential addictive risk associated with cigarette
smoking as well as varying risk of developing smoking-
related illnesses including lung cancer and COPD [2, 9•]. On
average, fast metabolizers of nicotine smoke more cigarettes
per day, and are at greater risk of developing lung cancer and
COPD [9•, 15•].

Moving Genomic Evidence Into Clinical Care

Though incontrovertible evidence supports these strong asso-
ciations of genetic variation in CHRNA5 and CYP2A6 with
smoking behaviors and smoking-related illnesses, in order to
translate this genomic knowledge into clinical medicine, ge-
nomic profiling must pass rigorous thresholds of analytic va-
lidity, clinical validity, clinical utility and ethical, legal, and
social implications. Genomic technologies now produce high-
ly reproducible results, so genomic testing for variation in
CHRNA5 and CYP2A6 has strong analytic validity [2, 3••,
23, 24]. The clinical validity of these findings is robust, with
convincing associations between genomic variation in
CHRNA5 andCYP2A6 and an increased risk of smoking more
cigarettes per day as well as developing smoking-related dis-
eases, which has been independently confirmed in many stud-
ies [2, 3••, 9•, 15•]. Though analytic and clinical validity are
clearly established, evidence of clinical utility of genomic
profiling using these two genes remains ambiguous.
Genomic variation in CHRNA5 and CYP2A6 is robustly asso-
ciated with heaviness of smoking, lung cancer, and COPD,
but what is the clinical utility of these results?

Risk stratification is the most advanced potential clinical
utilization of genomic profiling with CHRNA5 and CYP2A6.
Clinicians currently use self-reported number of cigarettes
smoked per day integrated over the duration of a person’s
smoking history to estimate the potential health risks of
smoking-related illnesses. However, the number of cigarettes
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smoked per day does not fully capture a person’s cigarette
smoking behavior. For the same number of cigarettes smoked
per day, individuals differ in the number of puffs inhaled per
cigarette, and variation in the depth of inhalation of each puff
of a cigarette can be marked. These subtle inter-individual
differences in smoking behaviors result in varying risk for
developing lung cancer and COPD.

The addition of genomic profiling to the current standard of
clinical measures of smoking behavior may offer a more pre-
cise identification of those with an elevated risk for the ad-
verse consequences of smoking. More intensive interventions
for smoking cessation, as well as more targeted lung cancer
screening, may be aimed at individuals who are at highest risk.
In addition, knowledge about one’s own genomic profile has
value in its own right. Providing personalized genomic health
information directly to individuals may empower health and
wellness decisions and aligns with the values of individual-
centered decision-making.

Another area of potential clinical utility for genomic pro-
filing lies in the use of genomic variation in CHRNA5 and
CYP2A6 to guide pharmacologic interventions for smoking
cessation. Heaviness of smoking is one of the strongest pre-
dictors of unsuccessful smoking cessation [25]. Given that
genetic variation in CHRNA5 and CYP2A6 is associated with
heaviness of smoking, it is not surprising that these genetic
variants are also associated with a later age of quitting
smoking and failed smoking cessation [2, 26, 27]. Those at
highest risk for failed smoking cessation can be providedmore
intensive smoking cessation efforts.

C u r r e n t l y, t h e r e a r e t h r e e Food an d D r u g
Administration–approved medication classes for smoking
cessation—nicotine replacement therapy, varenicline, and
bupropion. There is modest evidence that variation in
CHRNA5 and CYP2A6 may be used for pharmacogenetics
where a person’s genetic makeup is used to tailor decisions
regarding the most effective and safest medication to assist
in smoking cessation [28–30]. This area of research is na-
scent, and whether knowledge of genetic variation in these
genes can predict differential response to the pharmacolog-
ic treatments for smoking cessation is yet to be clearly
reproduced in large, independent studies.

Perhaps the most complex issue in bringing genomic
profiling to clinical care will be the issue of equity. The
ethical, legal, and social implications of providing geno-
mic profiling for smoking behaviors are in a state of flux
and the potential benefits and costs are uncertain.
Concerns regarding stigmatization, discrimination, and
confidentiality are often raised. However, at this junction,
equity is one of the most critical issues facing the trans-
lation of genomic findings into improved clinical care and
health [31]. To date, polygenic risk scores have been de-
veloped and tested primarily in populations of European

ancestry, the group in which the greatest number of ge-
netic studies has been performed [2, 3••, 12]. Because
allele frequencies and correlational patterns across the ge-
nome differ by ancestry, polygenic risk scores generated
in European populations do not have the same predictive
power in other world populations, which has important
ethical and social implications. As these polygenic risk
scores are developed and implemented for clinical testing
and clinical care, understudied groups will not equally
benefit from these scientific genomic discoveries. With
continuing scientific development of genomic profiles in
European ancestry populations, the unintended conse-
quences of deploying these discoveries across individuals
from diverse backgrounds may be to increase health dis-
parities. This growth in disparities may be even more
pronounced with genomic profiling of smoking behaviors
because of the concentration of smoking in populations
with lower educational attainment and income [32]. We
must be aware of these potential adverse consequences as
our science moves forward with genomic profiling for
smoking-related behaviors as well as other diseases, and
we must purposefully design our scientific experiments to
decrease disparities. Efforts to accelerate genomic discov-
ery in other world populations is necessary to ensure that
all benefit from the potential of genomic medicine.

Moving From Two Genes to Polygenic Risk
Scores

Using genomic variation in CHRNA5 and CYP2A6, to illus-
trate the potential use of genomic profiling to predict those at
risk for heavy smoking, failed smoking cessation, and
smoking-related illnesses, points to the many steps that must
be undertaken to move from discovery science into applica-
tions to improve clinical care. We are now well beyond the
initial discovery of associations with these two genes and
smoking-related behaviors, and large-scale research consortia
have already identified hundreds of independent genomic loci
associated with smoking behaviors. Many more regions will
be discovered in the near future. In addition, parallel studies
are underway establishing more and more genomic variation
associated with lung cancer and COPD.

In addition to discovery, we must further research into the
translational aspects of genomic implementation, including
defining methods for the communication of genomic profiles
to individuals and healthcare providers. One approach will be
through direct-to-consumer genetic companies, such as
23andMe, which has tested millions of people. Through a
web-based portal, 23andMe provides individuals access to
their genetic health profiles, and now polygenic risk profiles
for diabetes mellitus (www.23andMe.com). Importantly, the
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utilization of web-based profiles is scalable and can be dis-
seminated into areas with low access to medical care, which
may reduce disparities related to healthcare access.

Conclusions

Polygenic risk scores that predict the risk of developing
diseases as well as behaviors such as heaviness of
smoking and failed smoking cessation will offer new op-
portunities, insights, and knowledge about individuals.
Genomic variation causes differences in smoking behav-
iors and smoking-related illnesses across world popula-
tions, and genomic profiles are nearing entry into clinical
medicine for smoking-related behaviors as well as other
behaviors and diseases. Genomic profiles related to
smoking behaviors can be accurately and reliably mea-
sured in European ancestry populations and have the po-
tential to identify individuals at high and low genetic risk
for heaviness of smoking, failed smoking cessation, and
smoking-related illnesses such as lung cancer and COPD.
Genomic profiles combined with clinical assessments of
heaviness of smoking and duration of smoking history
may improve the precision of predicting smoking cessa-
tion difficulty and potential response to smoking cessation
pharmacotherapy. These genomic profiles may also more
clearly define subgroups of heavy smokers who would
most benefit from lung cancer screening. However, the
implementation of genomic profiles poses challenges.
The economic costs remain unclear, and communication
of risk using polygenic risk scores will need the develop-
ment and utilization of new paradigms in the healthcare
system. The utility of knowledge of genomic profiles and
the potential harms are unknown. Even with these many
unknowns, polygenic genomic profiles are emerging
through companies that provide direct-to-consumer test-
ing. Now is the time to increase the state of readiness
for the implementation of genomic profiling and address
issues of equity in clinical medicine that may arise with
this new genomic technology.
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