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Abstract

This article reviews current advances in the genetics of substance use disorders (SUDs). Both
genetic and environmental sources of risk are required to develop a complete picture of SUD
etiology. Genetic sources of risk for SUDs are not highly substance specific in their effects.
Genetic and environmental risks for SUDs typically do not only add together but also interact with
each other over development. Risk gene identification for SUDs has been difficult, with one recent
success in identifying nicotinic receptor variants that affect risk for nicotine dependence. The
impact of genetic variants on SUD risk will individually be small. Although genetic epidemiologic
methods are giving us an increasingly accurate map of broad causal pathways to SUDs, gene
discovery will be needed to identify the specific biological systems. Identifying these risk genes
and understanding their action will require large clinical samples, and interaction between these
studies and work in model organisms.

This article selectively reviews recent advances in the genetic epidemiology and molecular
genetics of SUDs. In genetic epidemiology, gene variation is not measured directly. Instead,
the action of genetic and environmental factors is inferred from patterns of resemblance in
special classes of relatives, particularly twins and adoptees. Molecular genetic studies relate
disease risk directly to DNA variation.

SUDs consist of a range of syndromes reflecting harmful and damaging use of psychoactive
substances. Current clinical thinking has emphasized two main forms. Substance abuse is
defined as “a maladaptive pattern of substance use manifested by recurrent and significant
adverse consequences related to the repeated use”?. Substance dependence, the more severe
and more frequently studied form of SUDs, is defined as “a cluster of cognitive, behavioral,
and physiological symptoms indicating the individual continues use of the substances
despite significant substance-related problems. There is a pattern of repeated self-
administration that usually results in tolerance, withdrawal and compulsive drug-seeking
behavior”L. In this review, we also examine substance use, typically measured by the
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quantity and frequency of drug consumed. Heavy intermittent or chronic use is necessary
but not sufficient for SUDs.

Introduction

Classical twin studies, which compare the similarity of monozygotic and dizygotic twins,
are a powerful method for assessing the magnitude of the impact of aggregate genetic risk
factors in complex diseases such as SUD. Furthermore, they have been crucial in
understanding causes of comorbidity and clarifying the etiologic inter-relationship of genetic
and environmental factors. Although they are not without methodological limitations, a
careful 2review of the impact of these limitations suggests that, in most cases, biases are
modest<.

Twin studies provide substantial evidence that genetic factors contribute to the etiology of
SUDs. Across studies, the weighted mean estimates of SUD heritability—the proportion of
variability in risk in a population due to genetic differences between individuals—range
from 40% to 70% across different psychoactive substances3-2. The abuse of cocaine may be
more heritable than that of other substances. Otherwise, heritability estimates for SUD for
most other psychoactive substances in populations of European origin fall largely between
40 and 55%—similar to or greater than that seen for most common chronic biomedical
diseases afflicting Western populations.

How specific are the genetic risk factors for SUDs? Studies that address this question have
tended to discriminate between illicit and licit psychoactive substances. Illicit substances
include drugs that are illegal (for example, cocaine or hallucinogens) and legal prescription
drugs (for example, codeine) used in ways other than medically indicated. Western societies
have generally deemed three psychoactive drugs to be ‘licit’ and appropriate for use by its
adult citizens: caffeine, nicotine and ethanol. Although the specific symptoms of
intoxication, tolerance and withdrawal differ substantially across specific psychoactive
substances, and many physiological effects differ substantially across drugs, there is no clear
physiological division between the effects of licit versus illicit substances.

Two large-scale twin studies of illicit drugs showed that most genetic risk is common across
the abuse of or dependence on different psychoactive substances®:”. One study examined the
specificity of risk factors for both licit and illicit SUDs8 (Fig. 1). Genetic liabilities to licit
and illicit SUDs are separable but highly correlated. Cannabis and cocaine dependence are
strongly influenced by an illicit substance dependence factor. Loadings for alcohol and
nicotine dependence on the licit substance dependence factor—that is, the degree to which
the dependence symptoms for these drugs reflect the underlying common factor—are more
modest, and the loading for caffeine dependence is low. Genetic influences specific to each
substance are substantial for nicotine and caffeine, but less so for the other substances.

How do the genetic risk factors for SUDs fit into the broader scheme of genetic risk for
other psychiatric disorders? Genetic risk factors for SUD are part of a broad genetic liability
to “externalizing” disorders, which includes conduct disorder, antisocial personality and
probably personality traits related to poor impulse control and sensation seeking® 19,
Although the precise mechanism of comorbidity is under debate, the bulk of evidence
suggests that it arises because a shared set of risk factors (both genetic and environmental)
predispose to both SUD and these externalizing behavioral disorders and traits.

Finally, preliminary studies have examined whether individual SUD diagnoses reflect single
or multiple dimensions of genetic risk. Studies of a wide range of alcohol-related responses
in rodents indicate that they often reflect independent genetic influences. A recent large-
scale twin study found three distinct dimensions of genetic risk underlying the criteria set
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forth in the Diagnostic and Statistical Manual of Mental Disorders IV (ref. 1) (DSM-1V) for
alcohol dependence. These reflect (i) liability to heavy drinking and tolerance, (ii) self-
recognition of alcohol-related problems, loss of control, desire to quit, preoccupation and
activities given up, and (iii) withdrawal and continued use despite problems. These three
dimensions of genetic risk are only modestly correlated in alcohol-dependent subjects and
differentially predict risk for other psychiatric and substance use disorders and personality
traits.

Genes and environment: how they contribute to SUDs

Genetic epidemiological studies have made progress in clarifying how genetic and
environmental factors jointly influence substance use and misuse. Social environmental
experiences are critical for SUDs, as psychoactive drugs are almost always provided through
social contacts and social environments can powerfully discourage or encourage drug use.
Genes and environment jointly affect liability to SUD in three major ways: developmental
inter-relationships, gene-environment correlation and gene-environment interaction.

Developmental inter-relationships

Within a developmental framework, how do shared environmental experiences in the home
and community compare to genetic factors in the timing of their influence on the use of
psychoactive substances? In considering this question, it is critical to move away from the
common static concepts of genetic and environmental influences on human behavior. Genes
are temporally dynamic, responding both to internal developmental processes (for example,
puberty) and to challenges external to the organism. One such prominent challenge is
alterations in the social environment that are often particularly dramatic during adolescence.

When twins were asked to record their average daily cigarette usage over their lifetimell,
analyses of their responses yielded the following results (Fig. 2). In the early years of
adolescence, twin resemblance for smoking is entirely the result of environmental
experiences shared between the twins; for example, from the home, school and/or from peer
groups. As twins age and smoke more, genetic factors begin to emerge (probably because of
genetic differences in their responses to nicotine and vulnerability to the development of
dependence). From age 16 to 30, genetic factors become progressively more important in
their influence on cigarette use, while shared environmental experiences become
progressively less important. Similar patterns are seen for other substances of abusel1.

These results suggest that high levels of SUD typically arise through a two-stage process.
First, during the critical developmental period, individuals are exposed to an environment
that encourages and supports substance use. Second, once exposed to the psychoactive
substance, their genotypes confer vulnerability to its rewarding properties and/or
insensitivity to its negative effects so that heavy use can lead to the development of
dependence. In Western societies, the critical period for drug experimentation is adolescence
to young adulthood, although the particular age for each substance varies as a function of
drug availability and the associated societal regulations and sanctions.

Gene-environment correlation

Most individuals think about genes and environment as two separate and independently
acting sets of risk factors. For SUD, this is unlikely to be true. Genetic and environmental
risk factors for SUD can correlate, interact or both. We provide detailed definitions below,
but here is the short version. Gene-environment correlation arises when genetic and
environmental risks are positively inter-related within a population; that is, when people
who have high genetic risk are on average also exposed to more environmental risk than
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average. Gene-environment interaction, by contrast, occurs when the impact of genetic risk
factors is moderated by the environment. That is, the same set of genetic factors might have
a powerful effect on risk for SUD in one environment and a weak effect in another
environment.

Gene-environment correlation for SUD (perhaps more accurately termed “genetic controls
of exposure to the environment12) largely arises because genetic risk factors for SUD
influence individuals to select themselves into environments that convey a high risk for
substance use and abuse. The high-risk environment is here mediational—sitting in the
causal pathway between genes and the end-phenotype of SUD. This process is well
illustrated by the social construct of ‘peer deviance’, defined as the degree to which close
friends engage in antisocial behaviors, ranging from underage smoking, cutting school and
cheating on tests to use of hard drugs, stealing and selling drugs. High levels of peer
deviance in adolescence strongly predict subsequent SUDs. However, individuals do not
associate with their peers at random. Rather, people actively select individuals to socialize
with who have similar proclivities. Although an ‘environmental’ measure, peer deviance is
substantially influenced by genetic factors, and these genetic factors increase in importance
during development!3. So, part of the pathway to SUD looks like this: genes —
temperament — peer deviance — SUD.

Thus for SUD, which is so clearly influenced by social phenomena, two pathways exist from
genes to trait. First is the traditional ‘inside the skin’ pathway typically considered by
molecular biology (whereby gene variants influence how the drug is absorbed and interacts
with receptors and second messengers, as well as hedonic and motivational pathways).
Second is an ‘outside the skin’ pathway, as we illustrated for peer deviance, whereby
genetically mediated personality traits affect the degree to which the individual selects
themselves into drug-predisposing or protective social environments.

Gene-environment interaction

There is accumulating evidence from twin studies that the importance of genetic influences
on substance use and SUD varies as a function of environmental exposure (this is logically
equivalent to saying that the importance of environmental influences varies as a function of
genotype). The development of substance use problems is, in some sense, by definition a
gene by environment interaction, as access to the substance is an ‘environmental’ condition
that is necessary for the development of problems associated with use of the substance.
Accordingly, it is not surprising that environmental conditions that affect access to the
substance moderate the degree to which genetic influences act on risk for SUD. For
example, genetic influences on adolescent smoking were attenuated after legislation took
effect to prohibit smoking in public places!®. Similarly, genetic influences on adolescent
alcohol use are greater in neighborhoods with higher alcohol sales!®, presumably through
easier access for those with a predisposition. In fact, many of the environments that reduce
genetic influences on substance use seem to operate through social control. Environments
that are more controlling and provide greater social structure reduce the impact of genetic
risk for SUD. For example, religiosity seems to moderate genetic influences on alcohol use,
with genetic factors playing a reduced role among individuals with a religious upbringing?®.
A similar effect has been reported for smoking, whereby high religiosity attenuates genetic
effects on initiation of tobacco usel’. The importance of genetic influences on adolescent
alcohol use is reduced in rural settings and neighborhoods with less migration and
presumably increased stability (which likely leads to enhanced community monitoring of
adolescent behavior)1°. Genetic influences on adolescent smoking are attenuated under
conditions of higher parental monitoring!® (Fig. 3). Greater control and structure, at the
levels of legislative restrictions, social institutions such as religion, interpersonal
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relationships (for adults), parenting (for adolescents) and neighborhoods, can all reduce the
importance of individual genetic predispositions toward substance use.

Conversely, a related mechanism for gene-environment interaction is that of social
expression or social triggering. Some environments allow greater opportunity to express
genetic predispositions, and in these environments genetic influences become more potent.
For example, genetic influences on smoking are highest in schools in which the most
popular students smokel®. In Sweden, rates of tobacco use were very low in women born
early in the twentieth century, rising over the next 50 years to rates comparable to those in
men. The magnitude of genetic influences on tobacco use in women also rose markedly
during that time period?. As smoking became more socially acceptable among women,
genetic influences had greater opportunity to affect smoking patternsZC. Social triggering,
the effects of which can be cleanly separated from those of genetic influences, may act by
increasing access to the substance or by creating social settings that are more accepting of
substance use, both of which would allow enhanced opportunity to express genetic
predispositions.

Yet another potential mechanism of relevance for SUDs is the connection to stress. Stress
and stress response have long been thought to contribute to SUDs?1. One possible
mechanism involves the hypothalamic-pituitary-adrenal axis, which is activated by
substance use. Circulating glucocorticoids then downregulate hypothalamic-pituitary-
adrenal axis activity but also activate extrahypothalamic brain stress systems (for example,
the central nucleus of the amygdala and the basolateral amygdala) known to be involved in
behavioral responses to stressors.

The impact of stress on genetic risk for SUDs has not been as widely studied in the twin
literature as mechanisms related to social control and opportunity; however, one study found
that genetic influences on a composite of externalizing disorders (including substance use
problems) increase as stressful life events increase?2, an effect we have also found in
adolescent Finnish twins (D.D. et al., unpublished data). This presumably would fall under a
social triggering mechanism; however, the underlying mechanism for stress triggering a
genetic predisposition toward alcohol use seems likely to be etiologically different than, for
example, peer substance use triggering adolescent substance use. Further delineation of
these risk pathways is clearly needed, and more work on the genetic epidemiology of the
relationship between stress or adversity and genetic influences on substance use disorders is
warranted. This seems especially relevant because most of the human studies testing for
gene-environment interaction with specific risk genes in the area of substance use have
focused on stress23-25, most having small sample sizes and thus far yielding mixed results.
Greater integration of the literature on gene-environment interactions emerging from twin
studies and tests of measured gene by environment interaction would benefit the field.

Building contingency in models for substance use disorders

Genetic studies of SUD need to cope with one obvious fact: genes for SUD cannot act in the
absence of substance use initiation—that is, the subject starting to actually consume the
substance in pharmacologically relevant amounts. Therefore, to understand SUD, we have to
study the process of substance use initiation and clarify how genetic and environmental
factors influence that critical first stage: the decision whether or not to consume the
substance. Then, we can turn our attention to understanding the degree to which risk factors
that affect substance use initiation are the same as those that affect SUD given substance use
initiation. But how can we do this if we know nothing about the risk of an individual for
SUD if they never initiated use of the substance?

Nat Neurosci. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kendler et al.

Page 6

Twin studies offer a way around this problem. We can estimate the strength of this
relationship in twin data because the co-twin data provide a proxy form of information about
the relationship between substance use initiation and SUD, by comparing the rates of SUD
in the co-twins of those who do versus those who do not initiate. To model this, each
variable has its own genetic and environmental risk factors that are specific to either
substance use initiation or progression to SUD. All covariance between these two variables
is assumed to arise through a regression path. This contingent causal common pathway
(CCC) model has a number of extensions, including the multivariate case and more than
two-stage phenomena?®. The key is the use of twins to overcome the problem of the
systematically missing data of not knowing the risk for SUD of individuals who never
initiated.

This CCC model has been most extensively applied to smoking and nicotine dependence?’
and more recently to cannabis?8:29. The results for nicotine demonstrate a moderate role of
genetic factors in smoking initiation, a clear set of genes for nicotine dependence that ‘come
on line’ only with smoking initiation (which could reflect changes in gene expression or
physiology such that genes serving other functions now affect risk for nicotine dependence)
and a moderate to strong relationship between these two stages. The genetic risk for
smoking initiation is more highly correlated with the genetic risk for progression to nicotine
dependence than many neurobiologists might think. Furthermore, shared environment (for
example, rates of smoking in peers) typically affects smoking initiation but not the
progression from initiation to dependence. Likewise, genetic risk for symptoms of cannabis
abuse also ‘come on line’ conditional on cannabis initiation. Moreover, an extended version
of the CCC model that includes ‘upstream’ environmental risk factors has shown that risk of
cannabis initiation and subsequent progression to cannabis abuse can be explained, in part,
by environmental factors influencing cannabis availability28. One study examined CCC
models across different classes of psychoactive substances2®. The association between risk
factors for initiation and risk factors for abuse or dependence was strongest for cannabis,
intermediate for cocaine and weakest for sedatives and non-cocaine stimulants.

Studies on alcohol abuse and dependence have typically not been conditioned on alcohol
initiation but instead only include drinkers in the analyses, as most subjects in most
populations have been exposed to alcohol. This assumes that the dimensions underlying
substance use initiation and SUD are independent. Alternatively, non-users are sometimes
included in the analyses but given zero scores on measures of SUD. This can be problematic
because non-users really have unknown genetic risk.

This problem of contingency is also important, but sometimes ignored, in molecular genetic
studies of SUDs. An appropriate control subject for a genetic study of drug dependence
should have used the drug but not developed dependence. Without exposure, their specific
genetic risk to dependence is unknown. However, rarely do we know how much exposure is
needed to express the genetic potential for SUD. Is one cigarette enough, or one snort of
cocaine? Getting a group of subjects exposed to a psychoactive drug without progression to
SUD is not difficult for commonly used substances like nicotine and alcohol. It is more
difficult for the *harder’ drugs, where exposure is rarer. If unexposed subjects are used as
controls for such studies, then any differences in marker frequency factors between the SUD
and control groups reflects some mixture of genetic effects on both initiation and
dependence given initiation.

How to best define an SUD phenotype

Advances in genetic research of SUDs depend heavily on optimal phenotypic measurement.
For SUDs, this is a particularly challenging issue. It is not clear that the traditional
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categorical models used in psychiatry are optimal for SUDs?. It may make little sense to
apply—as done in DSM-I1V—the same set of criteria for dependence to all substances of
abuse. These criteria were selected using expert consensus, but there is no a priori reason to
assume that they are optimal or that SUDs are distinct categories in nature rather than
continua. Fortunately, however, these issues are open to empirical investigation, and there
has been progress, both methodological and substantive, in this area in recent years30:31,

One key question is whether individual differences in SUDs are quantitative (that is, a
matter of degree) or qualitative (different in kind), or arise from a combination of both
mechanisms. Statistical methods to distinguish between these processes have advanced
considerably in the past decade. Space precludes a detailed review of these statistically
sophisticated methods32. Tried and true methods such as factor analysis (exploratory and
confirmatory forms) are used to see whether SUD symptoms define clear and sensible
factors that can be used as quantitative indices for genetic analysis. Latent class analysis
attempts to determine whether drug abuse symptoms covary only because the population
consists of two or more heterogeneous groups (that is, affected and unaffected) that differ in
symptom rates. Historically, latent factor and class approaches have been used
independently and for different purposes, when in reality each represents a competing
hypothesis regarding why key SUD symptoms correlate with each other. Factor mixture
models combine these latent factor and latent class approaches while circumventing the
limitations of each3L. In principle, this hybrid modeling strategy may fit diagnostic data
better and, if so, provide a superior measurement and classification for SUDs. Tests
comparing these competing approaches have so far revealed that, for substances like
cannabis, a single latent factor remains the optimal means of assessing overall risk when
measured by use, abuse, dependence and withdrawal criteria33.

Finally, item-response theory (IRT, where “item” typically refers to a single question or
criterion) is being increasingly applied to calibrate and assess the performance of individual
drug use symptomatology3#. As illustrated using item response curves (Fig. 4), IRT can
determine where on the dimension of SUD risk (ranging from low to high) each diagnostic
criterion provides information and how well items discriminate between those with high and
low liability to SUD. Using this approach, it has been shown that using cocaine is associated
with more detrimental and negative consequences, whereas the risk of experiencing such
outcomes as a result of cannabis or hallucinogen use is considerably lower34,

Application of these methods to large epidemiological databases suggests that substance
abuse and dependence are not separate disorders, nor are symptoms of abuse ‘milder’ than
those of dependence. Instead, an emerging consensus for most illicit substances is that the
diagnostic criteria for abuse and dependence—previously considered to be different
manifestations of SUDs—actually measures a single underlying dimension of liability.

IRT modeling can also be used to assess differences in item functioning by sex and age.
That is, do the items that are used to measure SUD mean the same thing for men and women
and at during adolescence, young adulthood and late adulthood? An application of this type
of modeling to nicotine dependence items showed that by allowing for limited measurement
differences—due to differential sensitivity of items by sex—inferences about heterogeneity
of heritability by sex at the latent factor become more meaningful. In this application, for
example, individual items in the scale are somewhat more discriminating of the level of
nicotine dependence in men than in women3°. An item response framework is to be
preferred over a sum score approach in which differential item functioning would be
obscured and each item weighted equally regardless of its correlation with the latent
construct to be measured. Finally, as was shown previously in using the CCC model to
estimate the heritability of nicotine dependence, and repeated in the IRT analysis, it is
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important to include initiation to obtain unbiased estimates of the factor loadings and
thresholds. Factor scores from such an analysis should provide a more accurate quantitative
phenotype that may improve the ability to find and validate susceptibility genes for SUD.

A critical related issue in both prevention and treatment of SUDs is that addiction cannot be
measured directly before substance use onset, or during remission. Accordingly, it is
important to develop measures of addiction propensity3® that could reflect genetic and/or
environmental risk and that would predict the likelihood of abuse and dependence should
initiation or relapse occur. In both human and animal studies, trait and state measures related
to neurobiological systems involved in reward, punishment, mativation, stress response,
impulsivity, externalizing and social behavior are useful in this regard37:38,

The molecular genetics of substance use disorders

In this section, we review recent advances in molecular genetic studies of nicotine
dependence and alcohol dependence as representative of the kind of results and problems
confronted in isolating genetic variants in human populations than contribute to risk for
SUDs. Two paradigms dominate the field. Candidate gene association studies examine
allelic variation in specific genes, selected on the basis of prior evidence, in SUD cases
versus controls. Genome-wide association studies (GWAS) examine up to a million genetic
polymorphisms across the genome for association with the phenotype of interest. The latter
approach has the advantage of allowing an unbiased assessment of risk variants and the
disadvantage of needing very stringent significance levels because of the large number of
tests performed: nominal P-values must be less than 5 x 1078 to remain significant after
Bonferroni correction for the very large number of genetic markers tested. To detect genetic
effects of modest size that are typical for complex traits like SUD, GWAS studies require
very large samples. Efforts are under way to reduce the number of tests performed on
GWAS data—for example, by looking at individual genes or networks of genes—and
thereby increase statistical power.

Molecular variants, smoking and nicotine dependence

Genetic studies of smoking and nicotine dependence have recently made significant progress
with both candidate gene and GWAS approaches. In 2007, the non-synonymous single-
nucleotide polymorphism (SNP) rs16969968, which changes the amino acid from aspartate
to asparagine in the a5 subunit of the nicotinic acetylcholine receptor (CHRNAS), was
identified as a risk variant associated with nicotine dependence3®. Several independent
studies®®42, including our own?3, quickly confirmed the association of this and another
highly correlated SNP, rs1051730, with several inter-related measures of nicotine
dependence, including number of cigarettes smoked per day (CPD) and nicotine dependence
as assessed by the Fagerstrém test for nicotine dependence®*. In more recent investigations,
including collaborative studies involving very large samples?®—47, the CHRNA5-CHRNA3-
CHRNB4 locus has been consistently shown to be associated with CPD with extremely low
P-values. Several statistically independent association signals appear across this region“6. A
priori, it seemed likely that variants in nicotinic receptors would be specific to genetic risk
for nicotine dependence. As a reminder of how potentially complex the genetic substrate for
SUD may be, however, several studies have now suggested that these genes may contain
variants associated with risk for alcohol, cocaine and opiate use and misuse3:48-50,

This same non-synonymous SNP is associated with both lung cancer41:51:52 and chronic
obstructive pulmonary disease?6:23:54, Many of these associations (but perhaps not all) are
mediated through smoking quantity#2:46:55.56_ This is a powerful illustration of an ‘outside-
the-skin gene pathway’ for a cancer risk gene. A genetic variant in a nicotinic receptor
increases risk for nicotine dependence, which then causes individuals to go out into the
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environment, purchase cigarettes and repeatedly inhale the smoke into their lungs, thereby
increasing their risk for lung cancer. This is a strange kind of oncogene, one whose effect on
cancer is entirely indirect. The gene increases risk for nicotine dependence and it is the drug
that is ingested as a result of the dependence that causes all (or at least most) of the
oncogenesis.

An ongoing study of these nicotinic receptor variants®’ illustrates an important issue
concerning phenotypic assessment. Using reports of CPD, the statistical signal detected for
SNP rs16969968—although highly significant with very large samples—is small. But when
this genetic variant is instead used to predict concentrations of serum cotinine (a long-lasting
metabolite of nicotine), the association becomes much stronger. Presumably this difference
arises because self-reports of CPDs are a poor measure of the amount of nicotine absorbed.
This study may provide important lessons for studies of other SUDs. The power of genetic
analysis is closely intertwined with the quality of the phenotypic measures.

In addition to the CHRNA5-CHRNA3-CHRNB4 locus, GWAS have identified, in distinct
genomic locations, several SNPs in CHRNAB3-CHRNAG, EGLN2-CYP2A6 and
LLOC100188947 reaching genome-wide significance for association with CPD47:58,
CHRNB3, CHRNAG6 and CYP2A6 have been widely studied as candidates for smoking and
nicotine dependence, and the results seem convincing. One of these same studies*’ also
identified brain-derived neurotrophic factor (BDNF) as a candidate gene for smoking
initiation.

The establishment of CHRNA5-CHNRA3-CHRNBA4 as a risk locus for nicotine dependence
has opened a window for functional studies seeking to understand etiologic mechanisms. In
HEK-293T human embryonic kidney cells, recombinant receptors for the risk allelic variant
of rs16969968 are less responsive to the nicotinic receptor agonist epibatidine, whereas the
binding capacity and the amount of protein remain the same as those of the wild-type
allele®®, Consistent with this result, a study in Xenopus laevis oocytes suggested that the
receptor with the asparagine risk allele has lower Ca2* permeability and desensitizes more
quickly than the wild-type aspartate allele in the (a4p2),05 receptor, a principal subtype of
nicotinic receptor in the central nervous system, but not in (a3p4),a5 or (a3p2),a5 subtypes,
which are mainly located in the peripheral nervous system80. These results collectively
suggest that the a5 subunit modulates the activities of nicotinic receptors and that the
asparagine allele makes these receptors less efficient, thereby resulting in an increased
consumption of tobacco. Of interest, a human imaging study suggested a possible neural
mechanism for the effect of the rs16969968 variant®L. It was shown to affect the resting state
functional connectivity of the dorsal anterior cingulate—ventral striatum circuit. The risk
asparagine allele was associated with decreased signal strength of this circuit, which in turn
predicted the severity of nicotine dependence.

Some other lessons can be tentatively learned from the CHRNA5-CHNRA3-CHRNB4
locusB2. First, it is now relatively clear that multiple, statistically independent signals coexist
in this relatively small genomic region. The associated linkage disequilibrium blocks are
substantially larger than conventionally conceived, and they cover several genes. The
association signals observed extend to IREB2, covering a genomic distance of more than
200 Kb (refs. 46,53). Second, as noted above, even the same variant affects multiple
phenotypes. The CHRNA5-CHNRA3-CHRNB4 locus has been shown to be associated with
nicotine dependence, lung cancer, chronic obstructive pulmonary disease, alcohol
dependence and cocaine dependence. Third, somewhat troublingly, using different methods
for assessing the broad construct of nicotine dependence leads to different results.
Traditionally, nicotine dependence is defined either by the American Psychiatric
Association’s Diagnostic and Statistical Manuals® or the Fagerstrém Test for Nicotine
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Dependence®. However, these two measures do not agree well. More interestingly, CPD,
which was generally considered to be only a rough index of nicotine dependence inferior to
more complete assessment tools, has often proven to be the most robust phenotype for this
locus.

To make matters more complex, we examined, in a large, population-based twin sample, the
association between the key SNPs in this small region and individual items from the
Fagerstrom Test for Nicotine Dependence®3. If all the items were reflecting one common
underlying genetically influenced trait, they all should have similar associations with these
SNPs. Not so. Most of the SNPs had the strongest signals with CPD and time to first
cigarette after awakening—typically an item that is quite a sensitive measure of the level of
nicotine dependence. But one SNP, rs2869546, had an isolated strong signal from the item
about smoking in bed whenill.

Studies of the genetics of SUDs are perforce intertwined with questions of measurement.
The hope is that the process might be iterative, whereby genetic findings will help clarify
measurement issues, which will in turn increase the significance of genetic findings.
However, there may be different spectra of phenotypes associated with different variants, so
a ‘one size fits all” solution to this fundamental measurement problem may not exist.

Molecular variants and alcohol dependence

Gene-discovery studies of human alcohol dependence have evolved considerably from the
basic test for differences in the frequency of specific alleles between diagnosed cases and
screened controls. Such studies now often include a range of categorical and quantitative
phenotypes, reflecting our growing understanding that multiple underlying risk pathways
influence alcohol dependence. Some pathways (such as physiological differences in how
alcohol affects an individual) are likely specific for alcohol dependence. For example, initial
sensitivity to alcohol is strongly and inversely related to risk for alcohol dependence®?.
However, the only variants that affect sensitivity to alcohol and have known functional
impact on alcohol dependence risk are in genes encoding the alcohol dehydrogenase (ADH)
1B and 1C85-68 and aldehyde dehydrogenase 2 (refs. 69,70) enzymes, and they confer
substantially reduced, rather than increased, risk for alcohol dependence by causing aversive
reactions to ethanol.

In other risk pathways, it remains unclear whether common comorbidities with major
depression, conduct disorder and antisocial personality disorder are due to direct etiological
overlap between the conditions. Alternatively, those with major depression might have a
higher risk for alcohol dependence because they are more likely to seek the anxiolytic
effects of alcohol, as those with conduct disorder are more likely to select deviant peer
groups who provide them with alcohol. Many different phenotypes are now commonly
assessed, and these often provide substantially stronger evidence for the involvement of
particular genes in alcohol dependence risk.

We explore one gene that illustrates the complexities and the progress being made in
understanding sources of risk for alcohol dependence. GABA subtype receptors are
sensitive to ethanol and mediate several of its behavioral effects (including anxiolysis)’Z.
The region around a cluster of GABA, receptor subunit genes on chromosome 4 was
implicated originally by linkage studies in Native American’2 and the Collaborative Study
on the Genetics of Alcoholism (COGA) family samples’3. The GABAA receptor o2 subunit
(GABRAZ2) gene in this cluster became the focus of substantial attention when a three-SNP
haplotype was strongly associated with adult alcohol dependence (P = 2.2 x 10~8) and with
an electrophysiological endophenotype in family based association in the same sample’®.
The risk haplotype confers ~1.2 times the risk of developing alcohol dependence, but no
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high-risk haplotype coding sequence variation was detected. The association with alcohol
dependence risk was replicated in United States’® and Russian’8 samples, and this risk due
to GABRA2 variants is moderated by variables including marital status and anxiety’’:"8,

GABRA2 has been studied across a range of the phenotypes discussed above. Subsequent
studies in the COGA sample gave evidence that GABRA2 variation is associated with other
SUDs"9:80 antisocial personality disorder’” and conduct disorder89, suggesting that
GABRA2 is involved in the predisposition to alcohol dependence through a general
externalizing-disorder pathway. The same GABRA2 SNPs originally associated with alcohol
dependence in a wide age range of adults also predict early conduct problems (rather than
the diagnosis of dependence) in a very young adult sample80. Here too, the effects of
GABRA2 variants are moderated by environmental variables, as high levels of parental
monitoring diminish the association with conduct disorder8?.

GWAS of alcohol dependence have to date yielded modest findings. The combined
discovery and replication stage data from a GWAS of 1,511 male German alcohol
dependence cases and 2,354 matched controls gave genome-wide significant evidence of
association with alcohol dependence for two SNPs, rs7590720 (P = 9.72 x 10~9) and
rs1344694 (P = 1.69 x 1078), in an intergenic region on chromosome 2qg35. Both are in
linkage disequilibrium with the peroxisomal trans-2-enoyl-coenzymeA reductase (PECR)
gene, involved in fatty acid metabolism and most highly expressed in the liver82. Signals in
the combined sample were also observed in the prior candidate genes alcohol dehydrogenase
1C (ADH1C, rs1614972, combined P = 1.41 x 10~4) and cadherin 13 (CDH13, rs11640875,
combined P = 1.84 x 1079).

A GWAS of 1,897 cases and 1,932 controls from the COGA sample identified 15 SNPs with
evidence of association at P < 107>, but none were supported at P < 0.05 in two independent
replication samples®3. Reanalysis of this data set using an index of conduct disorder
symptomatology identified four SNPs with genome-wide significant evidence for
association, two in the C1qg and tumor necrosis factor—related protein 7 (CLQTNF7) gene on
chromosome 4p15.3 (ref. 84). In analysis of alcohol dependence symptoms in the 2,357
European American Molecular Genetics of Schizophrenia study control samples, the most
significant intragenic SNP was in the potassium large conductance calcium-activated
channel, subfamily M, alpha member 1 (KCNMA1, rs717207, 2.17 x 10~°) gene8®.
KCNMAL1 is the human homolog of the slo-1 gene in Caenorhabditis elegans. Mutations in
this gene in the worm lead to ethanol resistance and attenuation of the reductions in
locomotion and egg-laying that normally follow exposure to ethanol®. The product of the
slo-1 gene is known to limit excitatory neurotransmitter release in C. elegans®’ and to be
potentiated by ethanol88:89, suggesting that ethanol reduces (and slo-1 loss-of-function
increases) excitatory neurotransmitter release and ethanol resistance.

Some lessons can be distilled from our review. SUDs are classic complex traits with strong
evidence supporting the etiological roles of both genetic or biological and environmental or
social risk factors. Taking a ‘genes only’ perspective on SUDs will miss critical parts of the
causal picture. We already know that a large proportion of risk genes for SUDs will not be
substance specific in their effects but will rather predispose to addiction generally or even to
broader externalizing traits. Genetic and environmental risks for SUD typically do not just
add together but act and interact with each other during development. Generally,
environmental factors are more important for initiation and less important for progression to
dependence, whereas the reverse is seen for genetic factors.
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As with other complex human behavioral disorders, risk gene identification has been
difficult—with one recent major success in identifying nicotinic receptor variants that affect
risk for nicotine dependence. We are still learning how to optimally measure SUDs for
genetic studies. It is not clear that our current diagnostic formulations are optimal. Important
potential advances can also be made in the assessment of drug consumption, as is well
illustrated by the substantial gain in the power to detect risk genes for smoking when
measuring the long-lasting nicotine metabolite cotinine. But although genetic epidemiologic
methods are giving us an increasingly accurate map of broad causal pathways to SUDs, gene
discovery will be needed to identify the specific biological systems involved. Some of these
variants will be in systems that might have been predicted a priori (key degradative enzymes
and receptors), but most will not be. The impact of an individual genetic variant on SUD
risk is likely to be small. Identifying these risk genes and understanding their modes of
action will require large and carefully assessed clinical samples, innovations in the statistical
analysis of such data and strong interactions between these human studies and work in
model organisms.
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Figure 1.

Parameter estimates for the best-fitting confirmatory model for symptoms of cannabis,
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cocaine, alcohol, caffeine and nicotine dependence. The double-headed arrow connecting
the illicit and licit substance genetic factors represents the genetic correlation between these
factors. A stands for additive genetic and E for environmental effects unique to each twin.
E1 reflects the common factor for the unique environmental effects that affects risk for
dependence across all of the psychoactive substances examined. The top part of the figure
depicts genetic factors that influence drug dependence and the bottom part reflects
environmental factors. The numbers on the paths represent standardized loadings and thus
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need to be squared to reflect the proportion of variance in the observed SUD accounted for
by the factor.
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Figure 2.

Parameter estimates for the contributions to variation in liability to psychoactive drug use of
additive genetic effects (a2, red), familial environmental factors (c2, light blue) and the
individual-specific environment (e2, dark blue) by year for average daily number of
cigarettes, ages 13-40. Data from ref. 11.
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Figure 3.

An example of gene-environment interaction: as parental monitoring increases, the
importance of genetic factors significantly decreases, and the influence of common
environmental factors becomes more important such that the most important etiological
factors affecting adolescent smoking vary markedly as a function of parental monitoring.
Data from ref. 18; graph shows results of model-fitting as described in detail in ref. 18.
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Figure 4.
Hypothetical item response curves for SUD diagnostic criteria. The item depicted by curve 1

is a criterion likely to be met by all individuals, except those with very low risk of SUD. It
discriminates well between those who meet it and those who do not because the curve is
steep, and this is also true curve 2, which has the same steepness but distinguishes between
individuals 1 s.d. higher on the liability distribution. Curve 3 is the flattest and is
consequently the least discriminating because the probability of showing this symptom
changes more slowly as the risk of SUD increases. Curve 4 discriminates perfectly, but it is
only useful for measuring individuals close to the 1.5 s.d. point on the distribution.
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