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Abstract
Technological advances in testing have led to the discovery of genetic variants that contribute to
many illnesses including nicotine dependence. A multi-stage model of the development of nicotine
dependence underlies these genetic studies, and it includes a progression through several stages of
smoking behavior from never smoking to nicotine dependence. The final step in this model of
dependence is the progression from established smoking behavior to the development of nicotine
dependence. Contrasting individuals who smoke only a few cigarettes per day, or “chippers”, to
heavy smoking, nicotine dependent subjects, focuses a genetic study on the transition from smoking
to nicotine dependence. This approach has identified distinct genetic variants that contribute to
nicotine dependence on chromosome 15 in the region of the α5-α3-β4 family of nicotinic receptor
genes.

This region of association includes an amino acid change in the α5 nicotinic receptor protein, which
is most likely a biological variant altering the risk of developing dependence. There is also evidence
that other variants alter the α5 nicotinic receptor gene expression and potentially the risk of smoking.
The discovery of these genetic variants and their contribution to the development of nicotine
dependence highlight some of the many challenges in genetic studies. The first is that the prevalence
of risk alleles can vary across populations so that a genetic risk factor can have a larger or small effect
in a population depending on its frequency. The second challenge is that the risk that each genetic
variant contributes in the development of a disorder is small and so it is many genes along with
environmental risk factors that contribute to the development of a disorder. Interestingly, recent
genetic studies of lung cancer and chronic obstructive pulmonary disease demonstrate that this same
region has an important genetic influence on these disorders. Finally, there are differences in the risk
of developing nicotine dependence based on gender and socioeconomic status. As our understanding
of the genetic contributions of nicotine dependence increases, we may improve and personalize our
treatments for smoking cessation and enhance our knowledge of other smoking related diseases in
those who are at high risk for the many adverse consequences of smoking.
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1.1 Introduction
Genetic studies uniquely provide important insights into biological pathways involved in the
development of complex behavior and diseases in humans. The completion of the human
genome project, coupled with rapid advances in genotyping technology, has led to a new
generation of more powerful experiments that can survey the relationship between human
genetic variation and disorders, and the genetic study of nicotine dependence has benefited
from these advances.

2.1 Model of Nicotine Dependence for Genetic Studies
A model of stages of smoking behavior underlies genetic studies of nicotine dependence. The
development of nicotine dependence is the last step in a sequence of behavioral events that
starts with the initiation of cigarette use (See Figure 1). There are at least three steps in this
process: the transition from never smoking to the initiation of cigarette use; the conversion
from experimental smoking to the establishment of regular smoking behavior; and finally the
development of nicotine dependence among smokers. Both gender and socioeconomic status
can influence the probability of transitioning through the different stages to the development
of dependence. In addition, current smoking is more concentrated in lower socioeconomic
groups and it is more common in men than women (Centers for Disease Control, 2008a). Each
step in this pathway of smoking represents a potential point for intervention to prevent the
onset of nicotine dependence, and different genetic and environmental factors influence the
progression through each stage.

Smoking begins with the experimentation of smoking a first cigarette, and it is the initial
necessary step in the development of nicotine dependence. Many public health campaigns to
reduce smoking focus on experimentation with cigarettes in adolescence, which is the greatest
period of risk for initiation. Environmental factors that influence the start of smoking include
cigarette pricing, peer smoking, and parental monitoring (Chaloupka et al, 2005, Chilcoat et
al, 1996; Kandel et al., 2004). In addition, a general genetic predisposition that captures a risk
taking and impulsive personality is thought to influence whether a person will take this first
step of initiation.

The next step in the development of dependence is the transition from an experimental smoker
to a “smoker”. In this model, a smoker is defined as an individual who has smoked 100 or more
cigarettes, a threshold which is used in many large-scale epidemiological studies. Factors that
influence this transition from experimentation to regular smoking involve some of the same
environmental and genetic features as well as novel ones. Cost, peer influences, and parental
characteristics continue to contribute to whether an experimenter with cigarettes will continue
to smoke cigarettes and become a smoker. Also, initial responses to smoking, either positive
or negative, predict whether a person smokes in the future (Pomerleau et al., 1998).

The progression from smoking to nicotine dependence is also influenced by genetic and
environmental factors. A cluster of symptoms and behaviors define nicotine dependence
including tolerance to nicotine, withdrawal symptoms, and use of cigarettes despite social
restrictions and health consequences. Tolerance is demonstrated by using a larger amount of
a substance to obtain the same effect, which is consistent with smoking 20 or more cigarettes
a day. Withdrawal is a characteristic set of symptoms that occur when a substance is
discontinued. To avoid withdrawal, smokers will smoke a first cigarette of the day minutes
after awakening, and if a smoker quits smoking, a withdrawal syndrome will begin. Finally,
there are several behaviors that typify the psychological aspects of dependence, which include
the craving for cigarettes and continued smoking despite knowledge of the physical and social
adverse consequences.
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Not all smokers are nicotine dependent. About half of current smokers are dependent on
cigarettes, and many others have some symptoms of dependence (Grant et al., 2004). There is
a third group of smokers who have no symptoms of dependence, a group called
“chippers” (Shiffman, 1989). In contrast to the nicotine dependent smokers who smoke daily
and generally are heavier smokers, frequently smoking 20 cigarettes a day, chippers are
smokers who have not developed dependence, smoke a few cigarettes a day, and may not smoke
daily. In genetic studies, chippers represent a unique contrast sample to the smokers who
develop nicotine dependence.

This multistep model for the development of nicotine dependence aids in the study of both
genetic and environmental factors that influence dependence by identifying features that are
common or specific to each transition. For instance, though cigarette pricing and parental
monitoring are effective interventions to reduce smoking initiation, these factors appear to play
a lesser role in whether a smoker progresses to dependence. Similarly, this model defines
different potential contrast groups for genetic studies of nicotine dependence. The comparison
of nicotine dependent smokers with individuals who have never smoked will identify common
genetic factors that contribute to one or more steps in the development of nicotine dependence.
On the other hand, the comparison of non-dependent smokers, chippers, to nicotine dependent
smokers focuses on the unique genetic factors that contribute to the transition from smoking
to the development of nicotine dependence.

The measurement of nicotine dependence is another important aspect in the study of cigarette
smoking, and multiple distinct dependence criteria exist. One of the most widely used measures
of nicotine dependence is the Fagerström Test for Nicotine Dependence (FTND; Heatherton
et al., 1991), which was developed for the purpose of predicting quitting success (Fagerström,
1989). The FTND incorporates cigarettes per day in its measurement, as well as queries about
early morning smoking and difficulty refraining from smoking despite illness and social
restrictions. Another commonly used measure of nicotine dependence is based on the
Diagnostic and Statistical Manual, Version IV (DSM-IV) diagnosis (American Psychiatric
Association, 2000). The DSM-IV criteria for dependence are similar across all substances of
abuse and are primarily modeled on the alcohol dependence syndrome, without specific
attention to nicotine dependence. The DSM-IV criteria include tolerance, withdrawal, use
despite physical or psychological problems, as well as other facets of continued use despite
adverse effects. In our recent genetic study of nicotine dependence, only 75% of our nicotine
dependent cases defined by an FTND score of 4 or more were also nicotine dependent using
the DSM-IV dependence criteria. Similarly, among our non-dependent smoking controls,
defined by an FTND score of zero, 24% met criteria for DSM-IV nicotine dependence (Bierut
et al., 2008). This is consistent with other studies that compare the overlap between these two
criteria sets (Breslau and Johnson, 2000). Recently, new measures have been developed that
are multidimensional and specific to nicotine dependence, such as the Nicotine Dependence
Syndrome Scale (NDSS; Shiffman et al., 2004) and Wisconsin Inventory of Smoking
Dependence Motives (WISDM; Piper et al., 2004). These different measures for nicotine
dependence, though correlated, emphasize varying aspects of addiction to nicotine such as
cigarettes smoked per day, craving, and withdrawal, and the underlying genetic components
may contribute to one measure of dependence more strongly than another.

3.1 Genetic Association Findings on Chromosome 15
Genetic factors play a prominent role in nicotine dependence, and twin studies estimate that
the heritability of dependence is approximately 50% (Lessov et al., 2004). Consistently, twin
studies support a strong genetic contribution to the development of nicotine dependence in
both men and women and across multiple cultures (Madden et al., 1999).
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Recently several large-scale studies have identified the region on chromosome 15 that includes
the family of α5α3β4 nicotinic receptor genes as associated with the risk of whether a smoker
becomes nicotine dependent. The first study to identify this region was a case control candidate
gene study that contrasted nicotine dependent smokers with smokers who never reported any
symptoms of nicotine dependence using the FTND (Saccone et al., 2007). Most of the nicotine
dependent subjects smoked 20 or more cigarettes per day. Using non-dependent smokers who
smoked no more than 10 cigarettes per day as comparison subjects to nicotine dependent cases
focused the genetic study on the variants that influence the biological predisposition of whether
a smoker progressed to nicotine dependence defined by the FTND.

Once a genetic association is discovered, replication in independent populations is critical.
Using a measure of cigarettes smoked per day that contrasts light smokers with heavy smokers,
Berrettini and colleagues independently identified the same genetic association on
chromosome 15 (Berrettini et al., 2008). This finding of association on chromosome 15 has
been subsequently confirmed by additional groups using correlated clinical characteristics such
as nicotine dependence, smoking quantity, and heavy versus light smoking groups in different
populations including community based populations, lung cancer patients, chronic obstructive
pulmonary disease patients, and alcohol dependent subjects (Amos et al., 2008; Bierut et al.,
2008; Pillai et al., 2009; Stevens et al., 2008; Thorgeirsson et al., 2008; Weiss et al., 2008).
The consistency of this genetic association across various populations using correlated clinical
characterizations of smoking behavior supports the robustness of this genetic result.

4.1 Understanding an Association and Search of Biological Function
The replication of genetic association increases the validity of a finding and justifies the further
search for the specific genetic variants that change biological function. When a genetic
association is found, it represents not only an association with the tested genetic variants, or
single nucleotide polymorphisms (SNPs), but also an association with untested, highly
correlated SNPs that can span across many genes on the same chromosome. To move from an
association to an understanding of biological function, a study of the underlying genetic
correlation between SNPs, which is also called linkage disequilibrium, is needed.

A further examination of the associated region on chromosome 15 demonstrates that there are
distinct groups of correlated SNPs that are associated with nicotine dependence and smoking
quantity, and these findings can be represented by two SNPs: rs16969968 and rs578776
(Saccone et al., 2009). See Figures 2 and 3. Both genetic variants are associated with nicotine
dependence, but the correlation between these SNPs is relatively low (r2 < 0.2), which means
that the association of each SNP with nicotine dependence cannot be statistically explained by
the other. Both discrete findings have been identified in multiple studies (Berrettini et al.,
2008; Bierut et al., 2008; Saccone et al., 2007; Stevens et al., 2008; Weiss et al., 2008).

The first finding tagged by rs16969968 is correlated (r2 > 0.8) with many SNPs that span 6
genes in populations of European descent. These genes include the α5-α3-β4 nicotinic receptor
gene cluster (CHRNA5-CHRNA3-CHRNB4), and correlated SNPs are also located in the
following genes: iron-responsive element binding protein 2 (IREB2), an iron regulatory
protein; LOC123688, a putative protein of unknown function; and α4 proteasome subunit
protein (PSMA4), a protein that cleaves other proteins.

To understand which variant (or variants) leads to biological changes that alter the risk for
developing nicotine dependence requires further investigation. The most plausible genes that
may influence smoking behavior in this region are the family of nicotinic receptor genes. The
nicotinic receptor genes are a group of proteins that form pentameric receptors that bind
nicotine, and so are involved in physiologic responses related to smoking. The variant that
appears most promising to biologically contribute to nicotine dependence is rs16969968, a
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polymorphism that changes an amino acid in the α5 nicotinic receptor protein. This amino acid
is highly conserved across species, and in vitro models that insert this single amino acid change
demonstrate a change in receptor function (Bierut et al., 2008). This evidence supports the
hypothesis that the genetic variant rs16969968 most likely causes biological changes that alter
the risk of developing nicotine dependence and heavy smoking. However, the contribution of
other correlated variants cannot be ruled out.

The second association finding is identified by rs578776 on chromosome 15. There are several
SNPs correlated with rs578776 (r2 > 0.8) in populations of European descent, and these variants
are clustered in the CHRNA5-CHRNA3 region. None of these SNPs alter the amino acid
structure of the nicotinic receptor subunit proteins. Though a recent study has demonstrated
that other genetic variants in this region alter mRNA levels of the α5 nicotinic receptor gene
(Wang et al., 2009) the relationship with rs58776 is not definitive. Understanding the biological
regulation of these genes requires further study.

At this point, there is robust evidence that distinct genetic variants in the region of the nicotinic
receptor genes contribute to smoking behavior of cigarettes smoked per day and nicotine
dependence. These association results and biological studies provide evidence that there may
be two (or more) biological functions contributing to differences in smoking behaviors. One
risk mechanism appears to result from an amino acid change in the α5 nicotinic receptor gene
and the second biologic change may be an alteration in this gene’s expression. Another
interpretation is that these distinct markers tag other underlying (but not genotyped) genetic
variants and alternative biological roles exist. Additional animal studies are needed to fully
explicate the genetic and functional mechanisms.

5.1 Implications for Men and Women and Other Populations
These strong and most robust findings of association of rs16969968 and rs578776 with nicotine
dependence and smoking quantity can have different implications for varying populations.
These SNPs contribute similarly to the risk of developing nicotine dependence in men and
women (Saccone et al., 2007). The A allele of rs16969968 (allele frequency 38% in nicotine
dependent cases and 32% in non-dependent smokers) increases the risk of becoming nicotine
dependent compared to non-dependent by 30% for both men and women. The A allele of
rs578776 (allele frequency 22% in nicotine dependence cases and 28% in non-dependent
smokers) decreases the risk of developing nicotine dependence by more than 30% (Saccone et
al., 2007; Saccone et al., 2009).

However, there can be different implications of the risk that these genetic variants contribute
to ethnic/racial populations because of the varying allele frequencies. Though the underlying
biological mechanisms that lead to the development of nicotine dependence are most likely
the same across populations, differing allele frequencies can alter the relative importance of
genetic risk factors in various populations. The two findings in the chromosome 15 region have
very different allele frequencies across world populations. The risk variant at rs16969968,
which causes the amino acid change, is common in a population of European descent (minor
allele frequency (MAF)= 0.42), but it is rare in an Asian sample (MAF= 0.01–0.03), and it is
not seen in Sub Saharan African populations (MAF=0) (Bierut et al., 2008). Thus, rs16969968,
a strong genetic risk factor for nicotine dependence in a population of European descent, will
play only a small role as a genetic risk factor in an African American population because of
the low prevalence of the risk allele.

The second association, tagged by rs578776, also has varying allele frequencies in the different
populations. The minor allele in a European population is the common allele in African and
Asian populations (European descent T allele = 0.24 and Sub-Saharan African population T
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allele = 0.65; Asian population T allele = 0.80) (NCBI Build 130). The T allele of rs578776,
which reduces the risk of developing nicotine dependence, may have a greater protective
influence on the African American and Asian populations because of its increased frequency.

This demonstration of strikingly different allele frequencies across populations underscores
the importance of extending genetic studies of nicotinic dependence into diverse populations.
Various allele frequencies in racial groups mean that genetic factors can have different effects
across world populations.

6.1 Implications of Genetic Studies
These studies highlight robust findings of genetic contributions to the development of nicotine
dependence. The discovery that genetic variation in the nicotinic receptors contributes to the
risk of developing nicotine dependence supports the hypothesis that biological factors related
to the pharmacologic response to nicotine contribute to this predisposition. Though the genetic
findings in the α5α3β4 nicotinic receptor gene cluster alter the risk by 30% in a population of
European descent, these results explain only a small proportion of the genetic risk of developing
nicotine dependence (Saccone et al., 2009). It is unlikely that other common variants of a
similar or larger effect will be discovered in European populations, which implies that many
more genes are involved in the development of dependence. The genetic architecture of nicotine
dependence probably requires the contribution of hundreds of genes of small effect, the
interaction between genes, and the interplay of genes with environment to explain the risk of
developing the complex behavior of smoking. Genetic studies of tens to hundreds of thousands
of people will be needed to detect these genetic effects.

Though this is a daunting task, an understanding of the genetic contributions to nicotine
dependence is important because cigarette smoking is the greatest contributor to preventable
morbidity and mortality in the United States (Mokdad et al., 2004). Over 400,000 people in
the U.S die each year from tobacco related illnesses such as lung cancer, chronic obstructive
pulmonary disease, and ischemic heart disease (Centers for Disease Control, 2008b). The
economic burden of smoking is similarly high and costs the U.S. almost $100 billion in medical
expenses and a similar sum in lost productivity (Centers for Disease Control, 2005). Primary
prevention to stop smoking initiation must remain the key intervention to reduce smoking
related illnesses, and public health campaigns and anti-smoking messages have successfully
reduced the population prevalence of smoking in the U.S. Yet, over 43 million adults continue
to smoke (Centers for Disease Control, 2008a).

Lung cancer is the most striking disease associated with smoking, and its prevalence over time
directly reflects changes in smoking behavior. Though there has been a reduction in smoking
and recent decline in the prevalence of lung cancer, smoking remains the single largest
contributor to cancer related mortality (American Cancer Society, 2008). The genetic locus
confirmed to affect risk for nicotine dependence and smoking quantity on chromosome 15 and
tagged by rs16969968, the variant that results in an amino acid change, is now recognized as
one of the strongest genetic determinants of lung cancer risk in several high-profile lung cancer
genome wide association studies (Amos et al., 2008; Hung et al., 2008; Thorgeirsson et al.,
2008). This represents an exciting convergence of genetic findings for nicotine dependence
risk and for lung cancer susceptibility. It has been shown that this same genetic region also
contributes to chronic obstructive pulmonary disease, another smoking related illness (Pillai
et al., 2009). These overlapping findings demonstrate that genetic research on smoking is very
important not only to addiction research, but also to research on lung cancer and the many other
diseases for which smoking is a major risk factor. Further insights into the genetic basis of
nicotine dependence and smoking thus have strong potential to impact public health and disease
prevention for many smoking related diseases.
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An understanding of the development of nicotine dependence may also contribute to our
knowledge of smoking cessation. A study of smoking cessation in pregnancy has shown that
this same genetic locus on chromosome 15 that increases the risk of developing nicotine
dependence, heavy smoking, lung cancer, and other lung diseases, is also correlated with the
success or failure of smoking cessation (Freathy et al., 2009). Among current smokers, almost
half are nicotine dependent, and dependence is the strongest predictor of difficulty quitting.
Though the majority of smokers (70%) want to quit and 41% try to quit smoking for at least
one day, only 4% of smokers successfully quit in a year (Center for Disease Control, 2002).
Smoking is now more concentrated in lower income groups and those with more social
disadvantage such as minority populations. These remaining smokers in the U.S. may
constitute a group that is especially refractory to prevention and treatment (Warner and Burns,
2003). In addition, 50% of adolescents experiment with smoking, and 20% of high school
students report smoking in the last month (Centers for Disease Control, 2008c). Improved
smoking cessation interventions are needed for these smokers. A major goal of understanding
the genetic contributions to nicotine dependence is to identify new targets for smoking
cessation therapies and to personalize treatment by matching cessation aids to individuals so
that we can better help smokers quit and reduce the health burden of smoking.
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Figure 1. Steps Involved in the Development of Nicotine Dependence
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Figure 2. Genetic Association on Chromosome 15 with Nicotine Dependence
The top line represents the region on chromosome 15 from 76,510,000 through 76,730,000
base pairs. The second and third lines signify the genes in this chromosomal location (IREB2,
LOC123688, PSMA4, CHRNA5, CHRNA3, and CHRNB4) and gene transcripts. The fourth
line represents the genetic variants associated with nicotine dependence identified by
rs16969968 and the correlated variants (r2 > 0.8). Studies that have identified as association
with nicotine dependence and correlated smoking characteristics are noted.
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Figure 3. Genetic Association on Chromosome 15 with Nicotine Dependence
The top line represents the region on chromosome 15 from 76,510,000 through 76,730,000
base pairs. The second and third lines signify the genes in this chromosomal location (IREB2,
LOC123688, PSMA4, CHRNA5, CHRNA3, and CHRNB4) and gene transcripts. The fourth
line represents the genetic variants associated with nicotine dependence identified by
rs16969968 and the correlated variants (r2 > 0.8). The fifth line identifies the genetic variants
associated with nicotine dependence identified by rs578776 and correlated variants (r2 > 0.8).
Studies that have identified as association with nicotine dependence and correlated smoking
characteristics are noted.
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