The Genetic Bases for Vulnerability to
Substance Abuse

Motivations for interest in genetics of addictions
(and whole genome association approaches)

Importance for understanding addictions, which
have such large roles in US deaths, costs and
increasingly involve misuse of prescribed
medications

Apparent successes of whole genome
association approaches in elucidating polygenic
variants for addictions

Potential usefulness (and cautions) re
incorporating molecular genetics
“pharmacogenetics” in research and in practice

Classical genetic approaches
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Classical genetic studies support large genetic
determinants for vulnerability to dependence on
addictive substances

Family Abuser’s sibs have 5-8 fold greater
studie  risk than members of the general

Asdoptio RABPKRESWith abuser biological

n parents are more likely to become

yvtljrlles épéjgﬁﬁ MZ than DZ concordance
studies  sypports genetic contributions:
alcoholism: 0.5-0.6
polysubstance abuse. 0.4-
0.8
Stronger genetic contributions to
denendence than to abuse

Current data: nearly equal genetic and environmental
contributions to vulnerability to dependence on
addictive substances

Most genetic influence on vulnerability to drug
abuse/dependence is common to most drug classes

(eg Kendler et al, 2003)

FIGURE 2. Best-Fit Model for the Lifetime Abuse/Dependence of Six lllicit Substance Classes by Monozygotic and Dizygotic
Twins (N=2,392 Individuals) From a Population-Based Registry®
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2 Latent variahles—all of which have variance of 1.0—are depicted in circles, and observed variables (types of substance abuse/dependence)
are depicted in rectangles. The path coefficients represent standardized partial regression coefficients, so they must be squared to equal the|

amount of variance in the dependent (downstream) variable that is accounted for by the independent (upstream) variable




Caveat I Despite the substantial evidence for
strong heritability for substance dependence,
many features of the “genetic architecture” of
addictions remain unknown: esp genetic
heterogeneity, size of effects of individual genes

Less Genetic Heterogeneity More Genetic Heterogeneity

Alleles in disease and controls

a, b, ¢, d: more frequent alleles in disease A, B, C, D: more frequent alleles in controls

Caveat I1: pie graph depictions do not show gene gene (G
x G) and gene environment (G x £) interaction terms




Close up: focus on nicotine

Individual differences in vulnerability

to DSM nicotine dependence are ¢a 0.5
heritable (rest from nonshared environ- \

mental influences) ry

Individual differences in vulnerability to dependence
using DSM and Fagerstrom criteria are both ca. 0.5
heritable (the genetics of these two approaches to defining nicotine
dependence overlaps but is not identical)

Genetic bases for individual differences in smoking
initiation are ca. 0.5 heritable (this genetics overlaps but is

not identical to nicotine dependence genetics. The rest comes
from both shared and nonshared environmental influences)

Individual differences in success at smoking cessation
are ca. 0.5 heritable (no strong data for heritability of success

at stopping other substances)

Large heritability for nicotine dependence: recent twin

study data
Dutch twin study (Vink et al, 2005)

Nicotine dependence : A 0.75
0.25

Virginia twin study Maes et al, 2004)
Nicotine dependence: A 0.60
0.4

Minnesota twin study (adolescents; McGue et al, 2000)
Nicotine dependence A 0.44 C0.37
0.19

Vietnam era twin stu
(NB: Digoting dependerssy
Scandanavian female
twins supports roles for s
permissive vsnon
permissive

Twin data indicates ca 0.5 heritability for smoking cessation success (Broms et al, 2006, see
also Vietnam Era and Australian twin study data)
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Bases for whole genome association in
addictions

Classical genetics and working hypotheses re
genetic architecture for addictions

Theoretical: association vs linkage

Genomic: variants

Technical: genotyping (individual DNAs; DNA
pools)

How are we finding the DNA (gene) variants that
contribute to vulnerability

T 4TS
\ @ {__{p’" ’ addictions

1) 7op down: Genome scanning/positional
cloning:

Linkage: Study how DNA markers and disease move
together through families. Study related
individuals in large or small pedigrees. Works well
for Mendelian disorders, more poorly for polygenic
diseases

Association: Study how DNA markers and disease
move together through a population Study
unrelated individuals with disease vs matched
controls with no disease. Works better for
polygenic diseases

Only random distribution of nominally-significant linkage signals for nicotine in recent metaanalysis
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How do we find the DNA (gene) variants that
AT 4TS contribute to
\,{w Wit addictions
1) 7op down: Genome scanning/positional
cloning:

Linkage: Study how DNA markers and disease move
together through families. Study related

individuals in large or small pedigrees. Works well
for Mendelian disorders, more poorly for polygenic
diseases

Association: Study how DNA markers and disease
move together through a population Study
unrelated individuals with disease vs matched
controls with no disease. Works better for
polygenic diseases

Whole genome
association:
hope for broad
medical
application

linical applications of

fwhole -genome association studies:

[future applications at the bedside
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Bases for whole genome association in
addictions

Classical genetics and working hypotheses re
genetic architecture for addictions

Theoretical: association vs linkage

Genomic: variants

Technical: genotyping (individual DNAs; DNA
pools)




Primer: genomics for “whole genome association”

*Genomic sequence (36.1) 2,858,160,000 bp
*mRNA transcripts: 33,083 (219,066 exons)

*SNPs (adbSNP 126)

submitted: 27,846,394 rs numbers:
11,961,761

validated: 5,646,244 rs numbers in genes:
4,116,991

frequency info: 682,608 genotype info:
5,546,513

*Insertion/Deletions arshfield)
200,000 in database [?20% of human polymorphisms]

VNTRs
Short tandem repeat polymorphisms/simple sequence length
polymorphism/microsatellites

Diallelic insertion/deletions

Blocks of restricted haplotype diversity
(Daly et al, 200

v

AT,

block 3 block 4 block 5 block & \ block 7 / Hock 8  block 9|
14 kb a0 kb B5kb 11kb 82kb 21 kb 2Tkb

block that could contain 20 patterns of variants but

actually contains only 4 major patterns of variants

2% 4% 83% 9T% 93% 9% 92%

Relationship between SNP marker and functional
variants

Promoter Exon 1 Exon 2 Exon3 Exon 4

I ATG Stop ARA
Functiona
| variant gy Marker

Promofter Exon 1 Exon 2 Exon 3 Emn -l_

Stop AARA
Functional
Markes variant




Bases for whole genome association.:

with more and more SNP markers, we can gain
information about more and more of the
variants in more and more of the haplotype
blocks in the genome

with enough SNP markers, we can identify most
of the variants that distinguish disease from
control individuals

Bases for whole genome association and its use
in addictions

Classical genetics and working hypotheses re
genetic architecture for addictions

Theoretical: association vs linkage

Genomic: variants

Technical: genotyping (individual DNAs; DNA
pools)

How do we genotype enough SNPs to sample
more and more of the haplotype blocks in the
genome: multi-pool microarray based association
genome scanning

Validate microsatellite pooling 1995 (Walther, Unl et al,
unpublished observations)

o un T

Validate 1.5k microarrz/—A " : -

Model whole genome /// O J‘;

scan power 2000°__ " | Lt TSP WSEL L ey,
(Naiman, Uhl et al, =3 i [ o /oo B
unpublished )

Validate 10k microarra = e o o e toar
poolina 2002

Validate 100k microarray pooling 2003-4 (Johnson et al,

2006)
Validate 500k microarray pooling 2005 (Liu et al, in press)




Genotyping using microarrays and DNA pools

0.8
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SNP | ¥
0.6 B (Liuetalin

press)
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60M-(Liu et al,2005) 600M (Drgon et al,
submitted; Liu et al
in press, Johnson
et al, on line)
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SNP genotyping with
oligonucleotide arrays

Genomic DNA from 20-individual pool
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Whole genome association analyses compare allele
frequencies in disease vs control samples
Can thus genotype:
a) individual samples

b) DNA pools (groups of individuals
of the same phenotype and the
same ethnic/racial backgrounds)

use enough chips/pool to accurately
estimate the “real” mean value in each
pool

use enough pools/phenotype to
accurately estimate the “real” variance
within a phenotype/ethnicity group]

Need to validate pooled genotyping

Validation: pooled genome scans with 500k arrays

Atan [A/B)

0 01 02 03 04 05 06 07 08 0§ 1
Expected frequency (allele A)

So: How do we carry out a “whole genome
association” genome scan

Ingredients for whole genome association
Genotyping

Subjects
Data handling
Statistical approaches

10



Subjects

1) NIDA (n = 1460) “Abusers” Heavy peak lifetime use of
and/or DSM dependence on at least one illegal addictive
substance vs “Control” No significant lifetime use of any
addictive substance, legal or illegal (European-, African-
American)

COGA (n = 280) “Abuser” Alcohol dependent proband, most
with illegal substance abuse/ dependence vs “Control”
Unrelated individual with no abuse/ dependence (European-

American)

3) JGIDA (n = 200) “Abuser” Methamphetamine dependent
proband, most IV with amphetamine psychosis vs “Control”
Unrelated individual from same prefectures with no
substance abuse histories (Japanese)

Duke (n = 260) “Abusers” Heavy peak lifetime use of and DSM
dependence on nicotine Successful vs unsuccessful abstainers
(European-American)

Caveat: Positive and negative aspects of e it s ittt
focus on genetics that overlaps with other -
substances (ex: nicotine dependence)

1) Many nicotine dependent
individuals are polysubstance
abusers

2) Many smokers for current g
studies come from samples
ascertained based on other
substance dependences

3) DSM dependence criteria for
nicotine and other substances
overlap strongly

4) Large association genome
scanning datasets for other
substances

5) Likely to miss nicotine-specifi
and population-specific genet
influences

6) May miss more of the genetics o1
Fagerstrom (more physiological) =

2001-2006 Six MNB association based pyrymr——————
genome scans to identify human
addiction vulnerability loci (three Scans for Association,
Using 1,004 Subjerts aud 1, ngle-Nucleotide Polymorphisms

R, Uhl' Qing-Rong Liv," Donna Walther,” Judith Hess," and Daniel Naiman'?

J Divstitute: of D Aluse, al Ierstitutes of Health, amd *Departrmee of Mathesatscal Sciemes,

Association: Studies how DNA markers and
addiction move together through populations
Study unrelated individuals with illegal substance
dependence vs matched controls with no
significant lifetime addictive substance use

Povked ssaciaton genome scaming: Valdaton T AULNOT PTO
and e 10 et addiction wnerailiy i i T g o A
N0 S e | | b | .8 T

O A ey —

o s e e w3
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Genotyping using microarrays and DNA pools

639,401
SNP J .
B (Liuetalin

press)
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Number of SNPs | 524,000 SNP array

60M-(Liu et al,2005) 600M (Drgon et al,
submitted; Liu et al
in press, Johnson
et al, on line)

11,522'SNP array 126,500 SNP arre
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Subjects

1) NIDA (n = 1460) “Abusers” Heavy peak lifetime use of
and/or DSM dependence on at least one illegal addictive
substance vs “Control” No significant lifetime use of any
addictive substance, legal or illegal (European-, African-
American)

COGA (n = 280) “Abuser” Alcohol dependent proband, most
with illegal substance abuse/ dependence vs “Control”
Unrelated individual with no abuse/ dependence (European-

American)

3) JGIDA (n = 200) “Abuser” Methamphetamine dependent
proband, most IV with amphetamine psychosis vs “Control”
Unrelated individual from same prefectures with no
substance abuse histories (Japanese)

Duke (n = 260) “Abusers” Heavy peak lifetime use of and DSM
dependence on nicotine Successful vs unsuccessful abstainers
(European-American)
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. 639k SNFI
Drug
Vulner-
ability

© Genome
Scan

1 billion
person/

" genotype
equivalen
s

(Liu et al,
in press)

Ingredients for whole genome association
Genotyping
Subjects
Data handling
Statistical approaches

Analyses (increasing numbers of repeated comparisons with denser
genotyping)

1.5k arrays (ni et al, Am J Human Gen 2002): Nominal significance with
internal replication (require same SNPs to display outlier p value and

abuser/control difference in both Eu,
Monte Carlo simulations.

Convergence with linkage dat

(Uhl et al, Trends in Genetics 2002):
Monte Carlo simulations,

chromosomal clustering (z+mb)

10k arrays (Liu et al, PNAS 2005):
Nominal significance with interng
replication (require same SNPs to
display outlier p value in both Europq
and African-American samples). Mo
Carlo simulations, chromosomal
clustering (0.1 Mb)

100Kk arrays (Johnson et al, 2006)
Nominal significance with chromo-

somal clustering (0.1 mb) in annotated
nenes Convernence with 100k data from NIIDA and 1GIDA
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Clustered positive results from several different
samples overlap much more than expected by chance

NIDA EA NIDA AA JGIDA COGA

NIDA EA

NIDA AA

JGIDA

COGA

o) - P<0.0001

Less Genetic Heterogeneity More Genetic Heterogeneity

and controls

Alleles in abusers

a, b, ¢, d: more frequent alleles in abusers A, B, C, D: more frequent alleles in controls

Current working hypotheses about underlying genetic
architecture

15



Ingredients for whole genome association
Genotyping
Subjects
Data handling
Statistical approaches

600k arrays (Liuetal, in press)
Nominal significance with internal replication (same SNPs
display outlier p values in both European- and African-
American samples)

Chromosomal clustering (0.1 | %
Convergence with 100k JGIDA T ST Ny
COGA data in annotated gene v Mo 1 P
Primary Monte Carlo simulaticts

Secondary permuation analyses

False false discovery rate corrections for gene identification

o sme Moot

Thus: we can apply relatively stringent criteria for identified
genes

1) NIDA (639K ) At least three SNPs within 0.1 Mb of each other
that each reach nominal p < 0.05 in both NIDA EuAM and NIDA
AfAM samples and lie within an annotated gene

2) COGA (128k) At least one SNP within 0.1Mb of NIDA clustered
positive SNP with nominal p < 0.05

3) JGIDA (128k) At least one SNP within 0.1Mb of NIDA clustered
positive SNP with nominal p < 0.05
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What about convergence with nicotine dependence?

1) NIDA (n = 1460) “Abusers” Heavy peak lifetime use of
and/or DSM dependence on at least one illegal addictive
substance vs “Control” No significant lifetime use of any
addictive substance, legal or illegal (European-, African-
American)

COGA (n = 280) “Abuser” Alcohol dependent proband, most
with illegal substance abuse/ dependence vs “Control”
Unrelated individual with no abuse/ dependence (European-

American)

3) JGIDA (n = 200) “Abuser” Methamphetamine dependent
proband, most IV with amphetamine psychosis vs “Control”
Unrelated individual from same prefectures with no
substance abuse histories (Japanese)

Duke (n = 260) “Abusers” Nicotine cessation trial par
wilo are hieavy peak iifetime users and DSV depende
nicotine vs NIDA controls (European American)
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5) Duke Nicotine quit success vs nonsuccess (520k SNPs)




Initial Molecular Genetics of Smoking Cessation
Success

2311 nominally-significant SNPs

These nominally-positive SNPs cluster more than
anticipated by chance (vonte carlo p < 0.0001)

Genes identified by these clustered positive SNPs
overlap with genes identified for nicotine and other
substance dependences genes (eg CDH13)

Nominates interesting gene groups never identified
in abuser/nonabuser comparisons (eg CRH-related
genes)

[Need replication]

Implications

Quantitative modeling for effects of genotyping on
clinical trial design/costs

Model for effects of genotyping on clinical trial costs and
power

Data: Assumptions:

0.5 heritability for quit success 0.5 genetic influence on
tx trial

little evidence for large G x E additive genetic +
environment

allele frequencies from 1 quit success these can represent all
studies study

calculated power 0.45 - .9 genotyping can assess 0.5 of
genetic influences

threshold model for quit success
and tx effects

about 0.1 of smokers quit set threshold so that genetic and
about 0.2 of tx smokers quit environmentally derived
components match these figures

genetic = env influences use the variance of
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Build two subpopulations:

a) 100,000 Genetic quitters: Each gets 2311 “quitter” genotypes and 2311
“environmental” features selected at random

b) 100,000 Genetic nonquitters: Each gets 2311 “nonquitter”
genotypes and 2311 “environmental” features selected at random

Assess distribution of X? values for the difference between

treatment and placebo for 100,000 trials of three types:

a) Randomly selected participants (average 0.1: 0.9 genetic
quitters:nonquitters)

b) Half-maximal genetic stratification (average 0.25:0.5 genetic
quitters: nonquitters)

c) Completely genetic stratification (average 0.5 : 0.5 genetic
quitters : nonquitters)

Assume that treatment effects are such that 0.1 of individuals quit
with placebo and 0.2 quit with active treatment

Effects of random assignment (90%), half-maximal genetic stratification (75%) and total
genetic stratification (50%) on n = 200 clinical trials for smoking cessation success
(arrow: p < 0.05 threshold)

0
— 904

W5 —T5%
= —50%
S0
=X

5 4

0

0 T 5 10 15 20 2%

Chisq

What might this mean for the costs of clinical trials?

Example: n = 200, 0.9 power for trial stratified on the
basis of assays for 0.5 of total genetic influences on
quit success

n = 450 gives matching 0.9 power for conventional
design

Results: Savings are maximized when pools of potential
subjects are available for genotype-based stratification at
little additional recruiting cost and when trial costs are
large

(When n = 1000/group, both designs have ca 1 power. When n
=20/group, stratification increases power substantially, but both
designs are underpowered)
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Cost differences in clinical trials with 0.9 power: 1) Stratified by genotypes (half of
total genetic influences) vs 2) Conventional design (p < 0.05, n = 200 vs 450)
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Implications

What can identification of specific gene classes tell us
about addiction:

Many cell adhesion related genes
Potential implications for
different brains in addi
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5’ NrCAM haplotypes are reproducibly associated with

addiction
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NrCAM is richly expressed in VTA “reward” neurons

MRNA

-
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overlay &,

ific expression: Addiction-associated NrCAM

SNPs and haplotype are expressed at lower levels in
postmortem human brain samples

Allelic ratios found in heterozygotes

Haplotype
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Mouse models: Conditioned place preference is
reduced in mice with reduced NrCAM expression
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Rewarding Drug Effect —=  More Time on Light Side

+/- Nr CAM KO mice display
reduced preference for places
where they received

morphine

* B cocaine
*
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Summargj)(.)/We have identified human NrCAM variants that

reduce NrCAM expression, reduce drug reward and reduce
hiiman viilnerahilitv to addiction
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Fine mapping to find the specific gene variants and
haplotypes that contribute to addiction vulnerability

Chromosomal region (loce2)

INVITED EDITORIAL
“Are There Yet?”: Deciding When One Has Demonstrated Specific
Genetic Causation in Complex Diseases and Quantitative Traits

Best current example: NrCAM
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CAM variants are good
candidates to produce

different connectivities and
different brains
Reminder: cerebral cortical

components (eg schutz and Paim,
1989)

84%

TYT:
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Mouse model
effects on
forebrain
volumes:
striking
effects of
combined
NrCAM and
L1 KOs (not of

either gene
alone; Sakurai et

Whole genome association and the genetics of
common diseases: examples

from substance dependence VM

1) Size of complex genetic influences in common
disorders, likely role for whole genome
association in elucidating the SNP markers and
gene variants

2) How we have been able to use whole genome
association to identify common allelic variants
and genes involved in human addiction
vulnerability (examples CAMs)

3) How these approaches can be extended to
understand individual differences in treatment
responses (implications for clinical trials)
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What does this mean for the clinician/researcher

Now is a good time to collect DNA and appropriate
consents from unrelated addicted and control

individuals (esp for phenotypes for which there is good evidence
for heritability)

Now is a good time to consider using genotype-
based stratification for clinical trials

We will probably have to wade through a lot of noise
to understand the small signals from this sort of
work

What does this mean for the clinician

Genotype based diagnosis and therapeutics for
addictions will come of age within your practicing
lifetime

The low costs of genotyping and the favorable
cost/benefit considerations will increase use of

personalized medicine based on genetic
individual differences

Current concerns re confidentiality and insurability need
to be addressed

Sobering features of the current environment
for association studies of illegal and legal
addictive behaviors

Increasingly-powerful databases

Spotty legal protections re employability,
insurability, nondiscrimination
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NDIS Statistics

CHHE Frrme P | F IS

California

Through Apnl 2006
34,193 Investigations Aided in 49 States and 2 Federal
Laboratories.

Investigations Aided" iy 3 meptric fhai tracks the pnmber of criminal mvestigations
whore CODIS has sdded value to ihe invesiigative process,

FRrimaa P ore o a]lns it ute af] Rt hakomy

a1

Military DNA reference database: 4,900,000 specimens as of 10/06 (D Boyer,
personal communication)
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Liberal Politics: U.S.

Senate Passes Genetic Privacy Act
Liheral Politics: U.S. Blog

hain | Will Bush's Campaign Finance Coffers Make Him Unheatable? »

October 17, 2003

Senate Passes Genetic Privacy Act

Congress moved closer to protecting our genetic privacy last week when the
Senate passed the Genetic Privact Actin a 95 to 0 vote. The hi-padisan hill
wadld prohibit insurance companies from using one's genetic predizposition
to determine eligibility or to set rates and bar employers from basing
employment decisions on genetic information. While Bush has indicated that
hewould sign the hill if and when it comes to him, the House of
Representatives has yetto put the legislation on its agenda. Supporters of the
legislation believe that House members are more behalden to lobhyists for
the insurance industry and are dragging their hills on this issue as a result.

The Senate vote is histaric because it is the first federal attempt to set genetic
privacy standards. Educate yourself about this importantissue here and here.

GENETIC NON-
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Liability-threshold model for smoking behavior (eg True et al, 1997)

Morr-smokar
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