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Substance use disorders are maladaptive patterns of substance use leading to inability to
control use despite significant consequences.1 When the impairment is in multiple areas of
life or the individual has significant signs of tolerance or withdrawal, the diagnosis changes
to substance dependence. These general definitions apply to all drugs of abuse, including
alcohol, nicotine, and cocaine. Substance use disorders are common: alcohol dependence/
abuse has a prevalence of 13.5%, nicotine dependence has a prevalence of 13%, and all
other drug dependence/abuse has a prevalence of 6.1%.2,3

Substance use disorders are highly comorbid with many other mental illnesses. In one study,
the odds of having an addictive disorder not related to nicotine increased by a factor of 2.7
in the presence of a mental disorder.3 In addition, the presence of an addictive disorder
increased the risk for other mental illness. Specifically, 37% of subjects with alcohol
addiction had a comorbid mental disorder, and 53% of subjects with other drug addiction
had a comorbid mental disorder, compared with a baseline prevalence of non–substance-
related mental disorders of 22.5%.3 This comorbidity leads to more severe illness. In a five-
state study of Medicaid recipients, the subjects with both a severe mental illness and a
substance use disorder had a higher odds of using inpatient and emergency psychiatric
facilities compared with subjects with the respective mental illness alone.4

Although many studies distinguish nicotine dependence from other substance-related
disorders, nicotine dependence is also highly comorbid with mental disorders and negatively
affects their severity and prognosis. There are increased rates of life-time smoking in
subjects with mental illness compared with controls (59% vs 39%, respectively, P<.001).5
The prevalence of nicotine dependence is 13% in the general population and 30% to 70% in
the presence of other psychiatric disorders.2 Although these data indicate the strong need for
smoking cessation in the psychiatrically ill population, quit rates are substantially lower for
subjects with active mental illness compared with smokers without mental illness (31% quit
rate vs 43% quit rate).5

Not only is a significant proportion of nicotine dependence comorbid with psychiatric illness
but a significant portion of morbidity in psychiatric illness may be attributed to nicotine
dependence. The greatest mortality risk of mental illness is premature death caused by heart

© 2010 Elsevier Inc. All rights reserved.
*Corresponding author: laura@wustl.edu .
Disclosures: Dr L Bierut is listed as an inventor on a patent “Markers of Addiction” (US 20070258898), covering the use of certain
single nucleotide polymorphisms in determining the diagnosis, prognosis, and treatment of addiction. Dr Bierut acted as a consultant
for Pfizer, Inc in 2008.

NIH Public Access
Author Manuscript
Clin Lab Med. Author manuscript; available in PMC 2011 March 2.

Published in final edited form as:
Clin Lab Med. 2010 December ; 30(4): 847–864. doi:10.1016/j.cll.2010.07.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



disease and cancer. In an 8-state comparison of deaths of clients at public mental health
clinics, public mental health clients lived 13 to 30 years less than their general public
counterparts.6,7 Although rates of suicide and accidental death are higher in this population
compared with controls, the primary causes of the deaths are medical illnesses such as heart
disease and cancer. Therefore, the largest modifiable risk factor for mortality in the mental
health population is cigarette smoking. In addition, nicotine dependence is associated with
disease-specific poor outcomes. For example, lifetime smoking in bipolar disorder is
associated with earlier age of onset of symptoms, greater severity of symptoms, poorer
functioning, history of suicide attempts, comorbid anxiety, and substance use disorders.8

The more severe course of illness and increased mortality highlights the importance of
integrating the study of addiction with the study of other psychiatric and medical illnesses.
This importance is emphasized by recent genetic overlap found between alcohol dependence
and aerodigestive cancers, and between nicotine dependence and lung disease. This article
chronicles the genetic associations found in alcohol dependence, including related findings
in aerodigestive cancers, and the genetic associations found in nicotine dependence,
including related findings in lung disease. The article then briefly discusses the genetic
findings in cocaine dependence and psychiatric comorbidities with substance dependence.

GENETICS OF ALCOHOL DEPENDENCE
Alcohol dependence is a complex disease, with genetic and environmental risk factors.
Alcohol dependence (commonly known as alcoholism) necessarily has a strong
environmental component because exposure to and consumption of alcohol is required for
the disorder. But, there is a substantial heritable component to the risk for alcoholism.
Among first-degree relatives of alcohol-dependent individuals, the risk of alcohol
dependence is 3 to 8 times the baseline population risk.9

Alcohol dependence was the first behavioral disorder to have validated genetic findings. In
1972, subjects of Asian descent were noted to have facial flushing and decreased alcohol
tolerance compared with subjects of European origin.10 This was hypothesized to be genetic
rather than cultural, based on observations that infants of Asian descent who were exposed
to a small amount of alcohol were more likely to flush than infants of European descent.10

The flushing reaction to ingestion of alcohol was found to be secondary to a deficiency of
aldehyde dehydrogenase (specifically ALDH2), an enzyme involved in the metabolism of
ethanol.11 The prevalence of ALDH2 deficiency was then examined in the Japanese
population and found to be 41% in the general population and 2% in alcoholics, suggesting a
protective role for the deficiency of ALDH2 in alcoholism.12

Since these initial findings in the early 1980s, much has been learned about the genetics of
alcohol metabolism. Ethanol metabolism occurs predominantly in the liver in 2 steps: (1)
oxidation to acetaldehyde catalyzed by alcohol dehydrogenases (ADHs), and (2) oxidation
of acetaldehyde to acetate by ALDH. Multiple genetic variants of ADH and ALDH
influence rates of alcohol metabolism and alcohol dependence.13 The mechanism through
which variants of these enzymes influence risk of alcohol dependence is believed to be
related to elevation of acetaldehyde levels, leading to facial flushing, nausea, and
tachycardia. It is hypothesized that people with the genetic variants of ADH and ALDH
leading to increased acetaldehyde levels would be less likely to drink excessively because of
the discomfort of ingesting a small amount of ethanol. This behavioral aversion to alcohol
with increased acetaldehyde levels is exploited by administering disulfiram, a medication
that interferes with ALDH, to alcoholics. Disulfiram blocks ALDH, leading to a build-up of
acetaldehyde, causing symptoms including nausea, vomiting, flushing, shortness of breath,
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and headache when alcohol is ingested. It is hoped that the administration of disulfiram to
alcoholics decreases cravings and discourages them from using alcohol.

There are multiple ADH and ALDH genes, and many variants of these genes have been
examined for their association with alcohol dependence. Most of the studied variants involve
changes of single nucleotide polymorphisms (SNPs), in coding and noncoding regions of the
DNA. The ADH genes are located in a small region on chromosome 4 (Fig. 1). The ALDH
gene associated with alcohol dependence, ALDH2, is on chromosome 12q24.2. This article
discusses the major association findings between alcohol metabolism genes and alcoholism.
For a more comprehensive review on the genetics of alcohol metabolism, see Edenberg.13

The ALDH2 variant leading to decreased risk of alcohol dependence, ALDH2*2, has been
further characterized since its initial discovery in the 1980s. ALDH2*2 is a coding variant
resulting from the substitution of lysine for glutamate at position 504, resulting in a nearly
inactive ALDH2 enzyme and leading to markedly elevated acetaldehyde levels in the blood
with the consumption of small amounts of alcohol. The allele is common in people of East
Asian descent, but it is essentially nonexistent in people of European or African descent.14

The protective effect of this allele is strong and has been replicated in multiple studies.15-17

The odds ratio of alcohol dependence for subjects with 1 ALDH2*2 allele is 0.33, and there
are almost no documented cases of people with alcohol dependence who are homozygous
for ALDH2*2.15-17 This allele interacts with a nonsynonymous gene variant for the ADH1
enzyme, ADH1B*1, by further decreasing the odds ratio of alcohol dependence to 0.05 in
the presence of both alleles.15 The protective effect of the ALDH2*2 allele is susceptible to
environmental pressures. A study by Higuchi and colleagues18 found that the fraction of
Japanese alcoholics carrying the ALDH2*2 allele increased from 3% in 1979 to 13% in
1992. This increase is believed to be due to an overall increase in alcohol consumption in
Japanese society during that period.

The most robust association between a variant of an ADH gene and alcohol dependence is
with the ADH1B*2 allele (previously known as ADH2*2). This variant is in the ADH1B
gene that encodes the β2 subunit of ADH, and results in histidine instead of arginine at
position 48.13 It is associated with a more rapid ethanol oxidation to acetaldehyde and is
protective against alcohol dependence, with an odds ratio of 0.12 in a Chinese population.
13,15 Again, this variant is common in people of East Asian descent, and rare in people of
European and African descent. The protective effect of this allele seems to be weaker in
European than in Asian populations.19 It is unclear how much of this variability is due to
different social and environmental factors rather than unidentified coinherited genes that
modify susceptibility.

In addition to the association between alcohol dependence and alcohol-metabolizing
enzymes, γ-aminobutyric acid (GABA) receptor genes have also been associated with
alcohol dependence. This association is of particular relevance because alcohol is an agonist
of the GABA receptor. This region includes the subunit genes GABRG1, GABRA2,
GABRA4, and GABRB1 (Fig. 2). Edenberg and colleagues20 evaluated this region in detail
and found a strong association between GABRA2, encoding the α2 subunit of GABAA, and
alcohol dependence. This association was replicated in multiple populations, and was found
to be most strong in alcohol-dependent individuals with comorbid dependence on illicit
drugs.21-24

GABA receptor genes have a clear relationship to alcohol dependence. GABA transmission
mediates effects of alcohol, including disruption of motor coordination, anxiolysis, sedation,
ethanol preference, and symptoms related to withdrawal.25 Furthermore, rat models have
shown GABAA agonists increase ethanol intake and GABAA antagonists decrease ethanol
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intake.26 Although GABA subunit genes and alcohol-metabolizing genes have been
genetically associated with alcohol dependence, the biologic mechanism is different in each
case.

The advent of the genome-wide association studies (GWAS) brought increased genomic
density and large data sets. GWAS relied on the completion of the International HapMap
Project in 2005, in which common SNPs were mapped tightly throughout the genome. Using
a case-control design and hundreds of thousands of SNPs spanning the entire genome,
GWAS looked for association between SNPs and disease. Although there are more
statistical tests of association (1 test per SNP) than there are subjects (typically thousands),
the combination of setting a sufficiently low threshold for P value significance and placing a
high emphasis on replication of significant results in independent data sets has resulted in
discovery of robust associations.

Although GWAS are a technological breakthrough in the density of markers that are tested
across the genome, the genome is not completely represented by the SNP arrays used in the
GWAS studies. For example, the Affymetrix Genome-Wide Human SNP Array 6.0
genotypes 906,600 SNPs out of an estimated 10,000,000 SNPs in the human genome
(approximately 2,000,000 of which are known). The dense coverage in GWAS studies,
although an improvement compared with previous methodology, is still not dense enough to
ensure that associations are found. Nonetheless, a SNP reaching genome-wide association
significance indicates that functional variation is likely to occur through this SNP or 1 of the
correlated, untested SNPs.

The first GWAS for alcohol dependence was published by Treutlein and colleagues27 in
2009. Two SNPs reached genome-wide significance, and these investigators nominated
another group of candidate SNPs to evaluate in a secondary dataset. Further confirmation of
their findings is necessary. The ADH and ALDH genes previously found to be associated
with alcohol dependence were not significant. This finding is likely due to low-risk allele
frequencies in the European population that was used for the study.

Because alcohol is related to medical illnesses such as aerodigestive cancer and variations in
alcohol metabolism are related to the development of alcohol dependence, a study was
designed to evaluate whether genetic variation in ADH may contribute to the development
of cancer of the upper aerodigestive tract, including several types of head and neck cancer
that develop in the context of heavy alcohol and tobacco exposure.28 Based on 3800 subjects
with aerodigestive cancer and 5200 controls, variants in ADH1B and ADH7 were found to
be protective against aerodigestive cancer.28 Even after stratifying for site of cancer, alcohol
consumption and other covariates, the protective effects were still strong. These effects
suggest that ADH variants not only decrease the risk for alcohol dependence but also
decrease the susceptibility to cancer associated with alcohol dependence, perhaps by
modifying the carcinogenic effects of alcohol.

The investigation of genetic associations in alcohol dependence started with the observation
of facial flushing in an Asian subpopulation and has developed into genome-wide studies of
large populations with alcohol dependence and alcohol-related cancers. Although many
years of study have led to improved understanding, fundamental questions of the genetics of
alcohol dependence remain unanswered.

NICOTINE DEPENDENCE
The conceptualization of the different stages of smoking is helpful in understanding the
varying environmental and genetic contributions to each step in the development of smoking
behaviors. To better understand smoking behavior, it is compartmentalized into (1) initiation

Hartz and Bierut Page 4

Clin Lab Med. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(the period during which subjects smoke for the first time and experiment with smoking), (2)
regular smoking (defined as subjects having smoked at least 100 cigarettes during their
lifetime), and (3) nicotine dependence (a psychiatric disorder defined by symptoms of
tolerance, withdrawal, and loss of control).1 The heritability of smoking initiation was
estimated to be 44%.29 Conversely, the heritability of nicotine dependence was markedly
higher at 75%.29

Although smoking initiation and nicotine dependence are related, the genetics of nicotine
dependence are of primary interest because of its public health ramifications: nicotine
dependence predicts difficulty with cessation and carries most of the morbidity associated
with smoking. Specifically, the quantity of cigarettes smoked in a lifetime is associated with
lung disease and heart disease, and smoking cessation is a positive prognostic factor for
both. Individuals with nicotine dependence account for 13% of the general population but
consume 58% of the cigarettes smoked in the United States.2 Thus, understanding the
genetics of nicotine dependence can lead to targeted treatments and may ultimately decrease
tobacco-associated morbidity and mortality.

In the study of nicotine dependence, it is important to understand the behavioral progression
to nicotine dependence when choosing a control group. Subjects who have not had adequate
nicotine exposure (ie, who have not smoked enough cigarettes) have not had the opportunity
to become nicotine dependent. For this reason, genetic studies of nicotine dependence
carefully choose for their control group regular smokers who did not become nicotine
dependent. This choice minimizes the possibility that the controls would become dependent
if they had adequate nicotine exposure.

The strong heritability of nicotine dependence has led to genetic studies. The initial efforts
to identify susceptibility loci primarily used linkage designs. In addition to linkage studies,
isolated candidate gene case-control studies targeted various neurotransmitters and their
receptors, but these generally had low power and insufficient density of genotypes.

The first GWAS on nicotine dependence was conducted by Bierut and colleagues.30 The
study compared 1050 nicotine-dependent subjects and 879 controls (who smoked but did not
become dependent). Although no individual SNPs reached genome-wide significance, the
data were reanalyzed for a targeted association study with 3713 SNPs in 348 candidate
genes.31 Several cholinergic nicotinic receptor genes dominated the top signals after
controlling for multiple testing.

It is biologically relevant that the top genetic associations for nicotine dependence were in
genes encoding for nicotinic receptor subunits. Nicotine produces its central and peripheral
actions by binding to neuronal nicotinic acetylcholine receptors (nAChRs), a class of
neuronal ligand-gated ion channels expressed in the nervous system. nAChRs are made of 5
combinations of α and β subunits constructed around a central pore. The subunits are
encoded by 9 α (α2–α10) and 3 β (β2–β4) subunit genes, named CHRNA2–CHRNA10 and
CHRNB2–CHRNB4, respectively. The expression of the different subunits in specific
anatomic areas leads to hypotheses regarding their functional relevance. The addiction of
nicotine is believed to arise from the interaction between dopaminergic and nicotinic
neurons in the striatum (Fig. 3). Multiple nicotinic subunits are involved in this interaction,
including α4, α5, α6, β2, and β3. This region has been implicated in the reward pathway and
is important for the development of substance dependence.

CHRNA5 and CHRNA3 are nicotinic receptor subunit genes on chromosome 15q25 coding
for the α5 nicotinic receptor subunit and the α3 nicotinic receptor subunit, respectively (Fig.
4). The coding sequences are adjacent to one another, and SNPs in the 2 genes are in high
linkage disequilibrium (LD). The most biologically compelling association with nicotine
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dependence was found in rs16969968, a nonsynonymous SNP in the α5 nicotinic receptor
subunit gene CHRNA5.30,31 This association has been replicated with either rs16969968 or
correlated SNPs in many other independent studies.32-36 rs16969968 is seen in Fig. 4 in the
coding region of CHRNA5. rs16969968 is a nonsynonymous SNP for which the minor
variant results in an amino acid change of aspartic acid to asparagine. The frequency of the
minor allele varies between populations. It ranges from 0% in African populations to 37% in
European populations. Although rs16969968 is in the coding sequence of CHRNA5, and a
biologically plausible relationship exists between CHRNA5 and nicotine dependence, SNPs
in high LD with rs16969968 span a large area encompassing the genes IREB2, PSMA4,
CHRNA5, CHRNA3, and CHRNB4. Although rs16969968 is a compelling candidate for a
causal association with nicotine dependence, other unidentified but related markers cannot
be excluded as the cause for the observed association with nicotine dependence.

The biologic importance of rs16969968 has been shown in several settings. First, the α5
nicotinic receptor is expressed in the brain. Its expression in the striatum and direct
interaction with the dopaminergic pathway is particularly relevant to addiction. Second, the
protein sequences of CHRNA5 homologs were examined in multiple species (human,
chimpanzee, Bolivian squirrel monkey, domestic cow, mouse, chicken, and African clawed
frog) and the aspartic acid residue was present in all species.37 This conservation across
species suggests that it has functional importance. Third, an in vitro functional study found
that α4α5β2 receptors containing the asparagine amino acid substitution in α5 exhibited
decreased response to a nicotine agonist compared with the receptors with the aspartic acid
variant in a5.37 This finding suggests that decreased nicotinic receptor function is associated
with increased risk for nicotine dependence.

In-depth analyses of the region led to the discovery of additional SNPs that form a haplotype
with rs16969968 to modify the expression of CHRNA5.32,36,38 The SNP rs588765 was
found to be associated with nicotine dependence and to modify expression of CHRNA5. In
addition, together with rs16969968, it forms a haplotype to alter the risk of nicotine
dependence. Although rs588765 can lead to high expression and low expression of
CHRNA5, and rs16969968 can lead to high risk and low risk for nicotine dependence, only 3
haplotypes exist in the population (Table 1): high risk (rs16969968) and low expression
(rs588765), low risk (rs16969968) and low expression (rs588765), and low risk
(rs16969968) and high expression (rs588765). The lowest risk of nicotine dependence
occurs with the low-expression allele of rs588765 and the low-risk allele of rs16969968, and
the highest risk for nicotine dependence occurs with the low-expression allele of rs588765
and the high-risk allele of rs16969968. A similar association was seen in a population of
African Americans with the SNP rs555018, an SNP in high LD with rs588765 in European
Americans and African Americans, suggesting that rs555018 is associated with variable
expression of CHRNA5.32

The GWAS results and corresponding biologic experiments suggest that CHRNA5 is
involved in the development of nicotine dependence, but the relationship between changes
in structure and expression of CHRNA5 and the development of smoking behavior remains
unknown. Various research groups are evaluating the relationship between these genes and
smoking initiation, the pleasurable responses associated with smoking, and the age of onset
of smoking.39-41

The purpose of understanding the genetics of nicotine dependence is, ultimately, to change
behavior and effectively treat the disorder. Therefore, research has been conducted on the
genetics of smoking cessation. Because the greatest predictor of smoking cessation is
nicotine dependence, a negative correlation would be expected between smoking cessation
and the major SNP associated with nicotine dependence, rs16969968. The initial population-
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based study to assess genetic associations with smoking cessation did not find an association
with rs16969968.42 However, 2 recent studies selected participants specifically targeted for
smoking cessation, and both found the minor allele of rs16969968 to be significantly
associated with inability to quit smoking or high likelihood of relapse.43,44 This finding
suggests that rs16969968 increases the risk of nicotine dependence, and decreases the ability
to quit.

The CHRNA5/CHRNA3/CHRNB4 region has also been associated with lung cancer and
chronic obstructive pulmonary disease (COPD). Because lung cancer and COPD are nearly
completely attributable to smoking it is difficult to determine whether the observed
association is independent of nicotine dependence. The difficulty with interpretation has
been emphasized in multiple studies.

Associations have been found between lung cancer and an SNP in LD with rs16969968,
rs1051730.33,34,45,46 Various methodologies have been used to try to separate the
environmental contribution of nicotine dependence from a direct genetic contribution to lung
cancer of rs1051730 or a related SNP. Several researchers found increased risk for lung
cancer after adjusting for smoking, supporting the hypothesis that rs1051730 contributes to
lung cancer independent of nicotine dependence.33,45,46 Amos and colleagues46 found an
association between lung cancer and rs1051730 in 3 independent samples, robust to
adjustment for pack-years of cigarette exposure. However, the association between
rs1051730 and lung cancer was absent in nonsmokers. If rs1051730 were related to lung
cancer independent of smoking exposure the effect would be present in nonsmokers. Despite
this, the repeated evidence of association of this variant with lung cancer independent of
degree of smoking exposure among those who have smoked argues that there is an
association between rs1051730 (and related SNPs) and lung cancer beyond the impact on
risk of nicotine dependence itself.

The relationship between rs1051730, nicotine dependence, and lung cancer was more
specifically explored by Spitz and colleagues.43 This was accomplished by using 3 samples:
(1) patients with lung cancer and controls with a history of smoking, (2) patients with lung
cancer and controls who were lifetime nonsmokers, and (3) patients with bladder cancer and
controls with a history of smoking. The investigators found a statistically significant
association of rs1051730 with lung cancer in subjects with a history of smoking. When
stratified for number of cigarettes smoked per day, the highest risk was seen in the lightest
smokers, subjects smoking less than 20 cigarettes per day. There was no association between
lung cancer and rs1051730 in subjects who had never smoked and no association between
rs1051730 and bladder and renal cancers. The investigators concluded that because the
highest risk group was in the subjects who smoked the least, rs1051730 mediated risk to
lung cancer beyond the cigarette exposure from nicotine dependence.

A recent GWAS for COPD also found association of rs1051730 with COPD.47 This
association remained significant after adjusting for pack-years (P = 5.7 × 10−10). Although
this finding suggests that this is a true association with COPD, the investigators
acknowledged that the lack of further smoking variables makes it difficult to identify the full
contribution of nicotine exposure on COPD.

One explanation for the association of rs16969968 with lung disease independent of
cigarette quantity is that the quantity of toxin inhaled when smoking is not well explained by
the number of cigarettes smoked per day, suggesting that people with the risk allele of
rs16969968 may inhale more deeply. To investigate this possibility, Le Marchand and
colleagues48 conducted a study that evaluated the amount of nicotine and carcinogens
consumed in a sample of 819 smokers. A positive association was found between the
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amount of nicotine metabolites seen in urine, a measure of the amount of nicotine
consumed, and the minor variant of rs16969968 after adjusting for number of cigarettes
smoked per day. This finding indicates that more nicotine and associated carcinogens are
absorbed by individuals with the risk allele than individuals without the risk allele.
Moreover, the differential absorption is not accounted for by number of cigarettes smoked
per day. Because these data argue that number of cigarettes smoked per day is not a
complete proxy for nicotine and toxin absorption, the association between lung cancer and
rs16969968 may still be confounded by the increased nicotine and toxin intake in nicotine
dependence even after adjusting for number of cigarettes smoked per day.

In summary, multiple associations have been found between nicotine dependence and
nicotinic receptor subunit genes. The strongest and most robust association is seen with a
nonsynonymous SNP in the nicotinic receptor gene CHRNA5, rs16969968. This SNP is also
associated with lung cancer and COPD, both smoking-related disorders. The current
scientific question is whether there is an association between these smoking-related
disorders and rs16969968, independent of nicotine dependence.

COCAINE DEPENDENCE
It is estimated that approximately 2.1% of US residents have used cocaine in the past month,
the second most prevalent nonmedical drug to marijuana.49 Similar to nicotine and alcohol
dependence, cocaine dependence has a strong component of heritability: siblings of cocaine-
dependent probands had an estimated relative risk of 1.8 of developing cocaine dependence
compared with probands without cocaine-dependent siblings.50 Because of the hypothesis
that common genetic factors may lead to dependence on various classes of drugs, a study
evaluated the relationship between cocaine dependence and rs16969968, the
nonsynonymous CHRNA5 SNP associated with increased risk for nicotine dependence.51

The minor allele of rs16969968 that is associated with increased risk for nicotine
dependence is associated with decreased risk for cocaine dependence. The bidirectional
association is hypothesized to be due to the involvement of nAChRs with excitatory and
inhibitory modulation of dopaminemediated reward pathways. A negative association was
also seen between the CHRNA5 SNP rs588765 and alcohol dependence in a sample that was
heavily comorbid with cocaine dependence.52 This association suggests that the CHRNA5
gene may play a dual role in modulating susceptibility to addiction via the different
mechanisms of action of cocaine and nicotine.

GENETIC ASSOCIATION OF SUBSTANCE DEPENDENCE WITH OTHER
MENTAL ILLNESS

The tendency of subjects with mental illness to use substances has been extensively
discussed. A traditional hypothesis was that substance use is a means of self-medicating and
dependence is therefore ‘caused’ by mental illness. On the contrary, data have been
published that smoking precedes the diagnosis of mental illness and may contribute to the
disorder. For example, there is an increased risk of first onset major depression in
smokers53-56 and an increase in depressive symptoms in persons who smoked in
adolescence.57-59 Ex-smokers do not differ from current smokers in their risk for mood
disorders, although daily smoking may be a causal factor in panic disorder and agoraphobia.
60 One interpretation of these data is that smoking confers additional risk in the development
of psychiatric disorders.

An alternative explanation for the comorbidity of substance dependence and other
psychiatric illness is a shared cause. The heritability of major psychiatric illness is high, with
estimates of 64% in schizophrenia,61 59% in bipolar disorder,61 and 42% in major

Hartz and Bierut Page 8

Clin Lab Med. Author manuscript; available in PMC 2011 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



depressive disorder.62 The combination of the heritability of substance dependence, the
heritability of psychiatric illnesses, and comorbidity of substance dependence with
psychiatric illness indicates that specific genes may be pleiotropic (ie, contribute to
substance dependence and other psychiatric illness).

Because of the phenotypic complexity of psychiatric illnesses, the search for pleiotropic
genes may help clarify psychiatric diagnoses and help understand biologic causes of mental
illness. For example, suspicion of shared genetic susceptibilities with bipolar disorder and
illegal substance dependence has been the subject of recent research. A bipolar GWAS data
set and an illegal substance dependence GWAS data set were compared for overlap of top
signals, and evidence was found of shared associations.63 These studies suggest that
advances may be made by understanding genetic pleiotropy and interconnections between
addiction and other major psychiatric illnesses.

SUMMARY
Addictions are common heritable disorders with multiple psychiatric and medical
comorbidities. Persons with substance abuse are approximately twice as likely to suffer
psychiatric morbidities as those without substance abuse, and have an increased risk of using
inpatient and emergency facilities. In addition, public mental health clients had a decreased
life span of 13 to 30 years; most deaths are caused by heart disease and cancer. Cigarette
smoking is therefore the largest modifiable risk factor for morbidity and mortality in the
general population and in the psychiatric population.

Alcohol dependence was the first behavioral disorder to have validated genetic findings. The
alcohol metabolism gene, ALDH2, was initially found in the early 1980s to decrease the risk
of alcohol dependence by increasing the levels of acetaldehyde in the blood, leading to
uncomfortable physiologic effects including facial flushing, nausea, and tachycardia. A
second alcohol-metabolizing gene, ADH1B, also decreases the risk for alcohol dependence
by increasing ethanol oxidation to acetaldehyde. In addition to associations between
alcoholism and alcohol-metabolizing genes, a GABA receptor gene, GABRA2, has been
associated with alcohol dependence. The mechanism for this association is believed to be
due to GABA mediation of behavioral affects of alcohol.

Recently, strong genetic associations with nicotine dependence have been found in the
nicotinic receptor subunit CHRNA5. It seems that there are at least 2 distinct biologic
mechanisms that alter the risk of nicotine dependence. The first biologic mechanism is
caused by an amino acid change in CHRNA5, in the nonsynonymous SNP rs16969968.
Functional studies have found that expression of the minor variant leads to reduced response
to a nicotinic agonist. The second mechanism altering risk of nicotine dependence is through
altered expression of the α5 mRNA. A second group of SNPs in the region, including
rs588765 and rs555018, is associated with variable expression of CHRNA5. The
combination of altered protein and variable mRNA expression leads to different levels of
addiction risk.

Although there have been major advances in understanding the genetics of addictions, the
current evidence accounts for only a small proportion of the genetic variance. As new
statistical and genetic tools allow a better understanding of the mechanism by which
multiple genes lead to psychiatric and medical illness, new discoveries will inform and
challenge understanding of these illnesses.

Medical disorders that occur in the context of substance dependence seem to have genetic
associations that are not entirely explained by the contribution of the genetic variant to
substance use. Specifically, gene variants in ADH were protective for cancers of the upper
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aerodigestive tract, even after adjusting for alcohol consumption. Similarly, SNPs correlated
with rs16969968 are associated with an increased risk of COPD and lung cancer, after
adjusting for cigarette use. Although the interpretation of these studies is difficult because of
the confounding between the medical illness and substance exposure, there is evidence of a
genetic interaction in both cases.

Substance dependence is strongly heritable and heavily comorbid with other medical
illnesses. Therefore, the importance of understanding the genetics of substance dependence
in the context of its many related medical and psychiatric disorders cannot be overstated.
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Fig. 1.
Chromosome 4 region q23, including the ADH enzymes ADH1A, ADH1B, ADH1C, ADH4,
ADH5, ADH6, and ADH7.
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Fig. 2.
Chromosome 4 region p12, including the GABA receptor gene cluster.
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Fig. 3.
nAChRs in the striatum of the rodent central nervous system. (A) The mesostriatal
dopaminergic pathway. (B) Subunit composition of the functional nAChRs expressed by
dopaminergic nerve terminals (α6β2β3, α6α4β2β3, α4β2, α4α5β2). VTA, ventral tegmental
area. (Reproduced from Gotti C, Clementi F. Neuronal nicotinic receptors: from structure to
pathology. Prog Neurobiol 2004;74(6):363–96; with permission.)
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Fig. 4.
Chromosome 15q25, including the nicotinic receptor gene cluster. The SNPs associated with
nicotine dependence are highlighted.
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Table 1

Risk of nicotine dependence based on haplotypes constructed from rs16969968 and rs588765

Haplotype Risk of Nicotine Dependence

High Intermediate Low

rs16969968 High-risk allele Low-risk allele Low-risk allele

rs588765 Low-expression allele High-expression allele Low-expression allele

Alleles of rs16969968 are represented as high-risk allele for nicotine dependence and low-risk allele for nicotine dependence. Alleles for rs588765
are represented as high expression of CHRNA5 and low expression of CHRNA5. The haplotype of high-risk allele (rs16969968) and high-
expression allele (rs588765) is not listed because it is rare in the population.
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