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Abstract
A genome-wide association study was conducted using microarray technology to identify genes
that may be associated with the vulnerability to develop heroin addiction, using DNA from 104
individual former severe heroin addicts (meeting Federal criteria for methadone maintenance) and
101 individual control subjects, all Caucasian. Using separate analyses for autosomal and X
chromosomal variants, we found that the strongest associations of allele frequency with heroin
addiction were with the autosomal variants rs965972, located in the Unigene cluster Hs.147755
(experiment-wise q = 0.053), and rs1986513 (q = 0.187). The three variants exhibiting the
strongest association with heroin addiction by genotype frequency were rs1714984, located in an
intron of the gene for the transcription factor myocardin (P= 0.000022), rs965972 (P = 0.000080)
and rs1867898 (P = 0.000284). One genotype pattern (AG-TT-GG) was found to be significantly
associated with developing heroin addiction (odds ratio (OR) = 6.25) and explained 27% of the
population attributable risk for heroin addiction in this cohort. Another genotype pattern (GG-CT-
GG) of these variants was found to be significantly associated with protection from developing
heroin addiction (OR = 0.13), and lacking this genotype pattern explained 83% of the population
attributable risk for developing heroin addiction. Evidence was found for involvement of five
genes in heroin addiction, the genes coding for the μ opioid receptor, the metabotropic receptors
mGluR6 and mGluR8, nuclear receptor NR4A2 and cryptochrome 1 (photolyase-like). This
approach has identified several new genes potentially associated with heroin addiction and has
confirmed the role of OPRM1 in this disease.
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Introduction
Addiction to opiates is a chronic, relapsing brain disease that, if left untreated, can cause
major medical, social and economic problems. Approximately one-third of people self-
exposed to opiates will become addicted.1 A major contributing factor to the development of
addiction is genetic predisposition. Epidemiological studies in men have found that
approximately 40–60% of the risk of developing an addiction to heroin is genetically
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determined2–4 and, in a single study, the genetic component specific to heroin addiction was
38%.3

Genetic variants in and around several genes have been found to be associated with opiate
addiction.5–9 These include variants in genes coding for two receptors of the opioid system,
the μ10–12 and κ opioid receptors.13 Other variants that have been found to be associated
with opiate addiction are located in and around the dopamine D214–16 and D4
receptors,17–20 the serotonin transporter,21,22 the serotonin 1B receptor23 and genes for the
enzyme catechol-O-methyltransferase. 24,25

Studies have provided evidence that several chromosomal regions are linked to the
vulnerability to develop heroin, alcohol, nicotine or other drug abuse or addiction.26–39

Techniques for the genome-wide association of variants have become available including
Affymetrix GeneChip microarrays. Microarrays have been used extensively in the study of
cancer to identify variants associated with disease40 and, recently, for linkage analysis of
opioid dependence.41 The only other published microarray study to identify variants
associated with drug and alcohol addiction have used pooled but not individual samples and
the 1494,42 10 000,43 100 000,44,45 and 500 000 single nucleotide polymorphism
Affymetrix GeneChips.45

In this study, we have used Affymetrix 10K GeneChips to locate and identify genes that
may be associated with vulnerability to develop heroin addiction. Genome-wide scans were
performed on individual subjects who were former severe heroin addicts in methadone
maintenance treatment and on control subjects, each of whom had been extensively
characterized phenotypically.

Materials and methods
Subjects and phenotyping

Two hundred and five subjects, who were consecutive volunteers in genetic studies
conducted by the Laboratory of the Biology of Addictive Diseases at The Rockefeller
University and who had met the inclusion criteria defined below, were examined in this
study. Former severe heroin addicts (n = 104) or controls (n = 101) were recruited from
referrals, newspaper advertisements, posted notices and several clinical resources in New
York City. All subjects gave a signed informed consent, which was approved by The
Rockefeller University Hospital Institutional Review Board, and gave specific consent for
genetic studies. The cohort consisted of Caucasian individuals based on the ethnic/cultural
background of the subjects, their parents, grandparents and great grandparents.

The Addiction Severity Index46 was administered, and urine analyses were performed for
multiple drugs of abuse on all subjects. Case subjects were former severe heroin addicted
patients who met Federal guidelines for methadone maintenance treatment (1 year or more
of daily multiple injections of heroin or other opiates).47 Control subjects had no current
alcohol or illicit drug use (one or more instance of drinking to intoxication or any illicit drug
use (except cannabis) in the last 30 days) or a previous history of alcohol or illicit drug use
(illicit drug use or drinking to intoxication three or more times per week for 6 months or
more) and no use of cannabis (three or more times per week) for more than 4 years. Fifty-
one females were in the control group and 35 females in the heroin addiction group.

Microarrays
Following the protocol recommended by the manufacturer (Affymetrix, Santa Clara, CA,
USA), 250 ng of genomic DNA in 5 μl water was processed. The reaction mixture was
hybridized to Affymetrix 10K 2.0 GeneChips. Microarrays were scanned at 570nm using an
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Affymetrix GeneChip Scanner 3000. Acquisition of data was performed using the GeneChip
Operating System (GCOS) version 1 (Affymetrix). Analyses were performed using the
GTYPE genotype Analysis Software version 4 (Affymetrix). The Gene- Chip arrays are
fully annotated and the information on the variants is available online from the NetAffx
Analysis Center (http://www.affymetrix.com/analysis/index.affx).

Initially, Affymetrix 10K 2.0 GeneChips were used to genotype DNA from 104 former
severe heroin addicts and 101 control subjects. Prior to analysis, it was decided that we
would use the 100 GeneChips with the highest variant call rates from each group. The
microarrays used for the heroin addiction group had an average call rate of 97.23% (range
92.59–99.67%), and the call rates for the control group microarrays were an average of
96.72% (range 87.05–99.44%).

Statistics
To minimize the effects of population stratification, we studied only individuals who were
of Caucasian ethnicity. This was done to avoid possible type I and II errors that may occur
when cases and controls are of different ethnic proportions. The STRUCTURE 2.2 program
was employed to test for population stratification using the 10 ancestry informative markers
on the 10K GeneChip.48,49

Analyses were performed on the variants on autosomes separately from the analysis of the
variants on the X chromosomes. Prior to the analysis, we decided to exclude autosomal
variants according to the following criteria: (1) the variant had a ‘missing rate’ (no genotype
call) ≥25% among the 200 subjects, (2) all case and control subjects had the same genotype
or (3) the P-value of Hardy–Weinberg Equilibrium test in the control group was less than
1×10−6 (equivalent to 0.01 experiment-wise using a Bonferroni correction for 10 000 tests;
χ2 test). Of the 9941 autosomal variants on each Affymetrix 10K, 2.0 GeneChip, 414 were
excluded leaving 9527 autosomal variants for analysis.

The variants on the X chromosome were analyzed separately in the female (n = 86) and the
male (n = 114) groups. No variants located on the Y chromosome are on the 10K GeneChip.
We excluded X chromosomal variants using the same criteria as for the autosomal variants.
Of the 263 X chromosomal variants on each 10K GeneChip, 23 were excluded leaving 240
X chromosomal variants for analysis of allele and genotype frequency in the female group.

For the X chromosome variants in the male group, we excluded variants if (1) the variant
had a ‘missing rate’ ≥25% among the 114 subjects, or (2) the variant was called as
heterozygous in any of the male samples. Of the 263 X chromosomal variants, 48 were
excluded leaving 215 X chromosomal variants for analysis of allele frequency in the male
group.

Likelihood ratio tests were conducted to test for differences in genotype frequency and allele
frequency between the cases and controls. Both analysis of genotype and allele frequency
were performed for the X chromosomal variants in the female group, whereas only the
analysis of allele frequency was performed for X chromosomal variants in the male group.
The QVALUE program (http://faculty.washington.edu/~jstorey/qvalue/) was applied to
calculate the minimum false discovery rate (q-value), which corrects for multiple testing of
association with addiction in the genotype and allele frequency association analyses.50,51

Using the three variants with the smallest P-values when analyzed by genotype frequency,
genotype patterns were determined. Those genotype patterns with frequency ≥5% in all
observations, whereas merging all other patterns into a ‘rare’ class, were tested for
differences in pattern frequencies using the Fisher’s exact test. To adjust for multiple testing,
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experiment-wise significance was determined in 100 000 randomizations (permutation test
written for the analysis of these data by J.O.).

Variant analysis
Studies have demonstrated that linkage disequilibrium between two variants can extend past
100 000 nucleotides.52,53 If a variant was found within 100 000 nucleotides (100 kb) of an
annotated gene, the gene and location of the variant relative to that gene are indicated.
Sequences containing the variants were analyzed for predicted transcription factor-binding
sites using Transcription Element Search System.54 Predicted regulatory potential was
determined using Evolutionary and Sequence Pattern Extraction through Reduced
Representation,55 and mammalian conservation was evaluated using the Vertebrate Multiz
Alignment & PhastCons Conservation (28 species), both as implemented in the UCSC
Genome Browser (March 2006 assembly, http://gemome.ucsc.edu/).

Results
DNA from 104 former severe heroin addicts and 101 control subjects, all of whom were
Caucasian, were analyzed individually by microarray analysis using Affymetrix 10K 2.0
GeneChips. Of these subjects, the 100 former severe heroin addicted subjects and the 100
control subjects whose microarrays with the highest variant call rates were chosen for
further study. To rule out population stratification in the cases and controls, population
substructure was evaluated with the ancestry informative markers on the 10K GeneChip.49

When we compared our cases with controls, we found only one overlapping cluster (K=1 or
K= 3). Next, we combined our Caucasian subjects with the Council on Education for Public
Health Human Genome Diversity Project Cell Line Panel (CEPH-HGDP) samples used in
the study by Lao et al.49 The CEPH-HGDP cohort consists of 1035 individuals derived from
51 populations from America, Central and East Asia, Europe, the Middle East, sub-Saharan
Africa and Oceania. When we ran our Caucasian case and control subjects with the CEPH–
HGDP samples using three ancestral populations (K = 3), a burn-in period of 100 000
iterations and 1 million Markov chain Monte Carlo replications after burn-in, we obtained
the results shown in the histogram in Supplementary Figure S1. The cases and controls used
in this study are similar in their mixing of ancestral populations, and appear more
homogeneous than the CEPH-HGDP subjects from Europe. Hence, we found no population
stratification in the distribution of the ancestral populations in our cases and controls. Next,
using these ancestry informative markers, we calculated In, the Informativeness for
Assignment.56 For our controls and cases, we calculated In = 0.0180, demonstrating that
there is essentially no difference in allele frequencies of these ancestry informative markers
between our case and control populations, as In is less than 3% of its maximal possible
value.

After exclusion (see Materials and methods) of variants due to low call rate, lack of
heterozygosity (for example, lack of variation in the genotypes), or lack of Hardy–Weinberg
equilibrium, variants were evaluated for association of genotype and allele frequencies with
heroin addiction. The negative log10 P-values of the association of the genotype and the
allele frequency of each variant with heroin addiction versus the chromosomal location of
the variant are shown in Figure 1. The variants located on the X chromosome were
evaluated separately from the autosomal variants; also, for the X chromosomal variants, the
male and female groups were analyzed independently for association of allele frequency
with heroin addiction. The association of the genotype frequency of the X chromosomal
variants with heroin addiction was examined in the female group. The genotype frequency
association of the X chromosomal variants with heroin addiction in males cannot be
analyzed, as males carry only one X chromosome.
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Association of allele frequency with heroin addiction
The 25 variants with the smallest point-wise P-values of association of allele frequency with
heroin addiction are listed in Table 1 (autosomal variants analyzed in the total cohort and X
chromosomal variants analyzed separately in the male and female groups). The 200 variants
with the smallest P-values are listed in Supplementary Table S1 (autosomal variants
analyzed in the total cohort and X chromosomal variants analyzed separately in the male and
female groups). The variants most significantly associated experiment-wise with a q-value
of less than 0.2 were rs965972 and rs1986513 that are located on chromosomes 1 and 4,
respectively, in a region devoid of nearby genes (not within 100 kb of any known gene). No
X chromosomal variants were found to be significantly associated with heroin addiction
when examined separately in the male and female groups (Table 1).

The autosomal variant rs965972 (located at 1q31.2) had the smallest point-wise P-value (P =
0.00000555) for association of allele frequency with heroin addiction. The q-value for this
variant was found to be 0.053. This QVALUE approach, which uses the false discovery rate
method, is a more appropriate and more powerful approach than the Bonferroni correction
for experiment-wise significance. This variant is in the Unigene cluster Hs.147755, a cluster
of three expressed sequence tags cloned from kidney and testis, and is found in a region
predicted to have high regulatory potential;55 it is a T→C transition that creates a consensus
CREB transcription factor-binding site. The other variant, rs1986513, was also found to be
significantly associated with heroin addiction with a point-wise P-value = 0.0000389 and an
experiment-wise q-value = 0.187. This variant is located at 4q28.1 in a region of high
conservation in mammals, and is an A→T transversion that creates consensus-binding sites
for the TATA-binding factor, TFIID and GATA-1, -2 and -3 transcription factors.

Association of genotype frequency with heroin addiction
The variants that were most significantly associated with heroin addiction by genotype
frequency were rs1714984, rs965972 and rs1867898, which are located on chromosomes
17p12, 1q31.2 and 2q21.2, respectively (Table 2). The 25 variants with the smallest P-values
based on association of heroin addiction with genotype frequency are presented in Table 2
(autosomal variants analyzed in the total cohort and X chromosomal variants analyzed in the
female group). Supplementary Table S2 (autosomal variants analyzed in the total cohort and
X chromosomal variants analyzed in the female group) lists the 200 variants with the
smallest P-values. The variant rs1714984 is located in the second intron of the myocardin
gene MYOCD and has the smallest pointwise P-value of 0.0000224. However, after
correction for multiple testing, this variant had a q-value of 0.206, which is not significant
experiment-wise. The variants with the next smallest P-values were rs965972 (P =
0.0000795; discussed above) and rs1867898 (P = 0.00028), both of which are significant
point-wise, but not experiment-wise. The variant rs1867898 is in a region predicted to have
high regulatory potential.

Genotype patterns associated with heroin addiction
In Table 3, common genotype patterns (that is, patterns with frequencies ≥5%) for the three
variants (rs1714984, rs965972 and rs1867898) with the smallest P-values of association of
genotype with heroin addiction and all the other 10 patterns merged into a ‘rare’ class were
tested for differences in pattern frequencies between cases and controls. The overall
significance of these genotype patterns was P = 0.00000000267 from Fisher’s exact test.
After correcting for multiple testing (permutation), a significant experiment-wise P-value of
0.026 was found. The genotype pattern AG-TT-GG, which was found in 32% of the heroin
addicts, has an odds ratio (OR) of 6.25 for being associated with the vulnerability to develop
heroin addiction. In contrast, the genotype pattern GG-CT-GG, which was found in 29% of
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the controls, was associated with a protective effect from developing heroin addiction with
an OR of 0.13 (1/OR = 7.76).

As shown in Table 3, when the genotype pattern of AG-TT-GG, the pattern associated with
heroin addiction, was compared to all the other patterns combined, the sensitivity of the
analysis was 0.32 (95% confidence interval (CI) 0.26, 0.38; that is, the probability that a
former severe heroin addict would be predicted as a former severe heroin addict; the true
positive rate), the specificity was 0.93 (95% CI 0.89, 0.97; that is, the probability that a non-
addict would be predicted as non-addict; the true negative rate), and the random correct
prediction rate was 0.50 (95% CI 0.43, 0.57; that is, the probability of making a correct
prediction when there is no association between the disease and the risk factor). The
associated population attributable risk for this genotype pattern was 0.27 (95% CI 0.16,
0.37), indicating that this pattern explains 27% of the population attributable risk of
developing the disease of heroin addiction in this cohort. This genotype pattern in particular
is associated with an increased vulnerability to develop heroin addiction.

In a similar approach, when the genotype pattern GG-CT-GG, which was associated with
protection from developing heroin addiction, was compared to all other patterns combined,
the sensitivity of the analysis was 0.29 (95% CI 0.23, 0.35; that is, the probability that a
control subject would be predicted as a control; the true positive rate), the specificity was
0.95 (95% CI 0.92, 0.98; that is, the probability that an addict would be predicted as an
addict; the true negative rate). The population attributable risk for lacking this genotype
pattern was 0.83 (95% CI 0.57, 0.93), indicating that lacking this pattern explains 83% of
the attributable risk of developing heroin addiction in this cohort.

Association of variants in or near candidate genes
Our laboratory compiled a list of 240 genes several years ago, which we had hypothesized
may play a role in the vulnerability to develop addiction. We selected these genes because
either we (and others) had shown their altered expression in response to acute and chronic
exposure to specific drugs of abuse or they encoded proteins or peptides involved in the
pathophysiology of addictions (for example, signal transduction molecules). From this list of
240 genes, there were 109 genes with variants on the array located within 100 kb of those
genes; theses genes are listed in Supplementary Table S3. An independent list of 252 genes
had been compiled by the Gershon laboratory, which contains genes that are hypothesized to
be involved in affective disorders.57 One hundred and fifty-three genes from the Gershon
laboratory list were not in our list (Supplementary Table S3) and these are listed in
Supplementary Table S4. Of these, 74 genes had at least one variant represented on the
GeneChip within 100 kb. In total, there were 393 genes examined and there were variants
within 100 kb of 183 of these genes. None of the variants listed in Supplementary Tables S3
or S4 had experiment-wise significance by either association of allele or genotype frequency
with heroin addiction.

The four variants with the lowest P-values from the association of allele frequency with
heroin addiction and the four variants with the lowest P-values from the association of
genotype frequency with heroin addiction from Supplementary Tables S3 and S4 were
combined into a single list comprised of five variants that represent the union of the two lists
(Table 4). The variant rs1074287 is 11 634 nucleotides upstream of the μ opioid receptor
gene OPRM1 (allelic P-value = 0.0055, genotypic P-value = 0.031) and rs953741 is 75 kb
downstream of the metabotropic receptor subunit mGluR6 gene GRM6 (allelic P-value =
0.0071, genotypic P-value = 0.0068). The variant rs1034576 is 15 kb downstream of the
metabotropic receptor subunit mGluR8 gene GRM8 (allelic P-value = 0.0052, genotypic P-
value = 0.0058), rs1405735 is located 45 kb upstream of the nuclear receptor subfamily 4,
group A, member 2 gene NR4A2 (allelic P-value = 0.031, genotypic P-value = 0.024) and
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rs1861591 is in an intron of the cryptochrome 1 (photolyase-like) gene CRY1 (allelic P-
value = 0.0040, genotypic P-value = 0.013).

Discussion
Using a genome-wide association approach with a case/control design of individual subjects
and of single nucleotide polymorphisms, this study has identified the two variants rs965972
and rs1986513 that are associated with heroin addiction, as well as specific autosomal
genotype patterns that explained risk for and protection from developing heroin addiction in
this cohort. In addition, this study has confirmed an association of the μ opioid receptor gene
OPRM1 with heroin addiction.

As shown in Table 1, the variant most significantly associated by allele frequency with
heroin addiction was rs965972. This variant is located at chromosome 1q31.2, in the
Unigene cluster Hs.147755 in a cluster of three expressed sequence tags cloned from kidney
and testis, is in a region of predicted high regulatory potential, and alters a consensus CREB-
binding site. The next most significant variant was rs1986513, which was found to be in a
region of high mammalian conservation. It is interesting that both of these variants are found
in intergenic regions. These regions of the genome, found between genes, have been shown
to contain sequences that code for noncoding RNAs, such as micro RNAs and Piwi-
interacting RNAs (a recently discovered class of small RNAs expressed mainly during
spermatogenesis),58 which are required for many cellular functions, including gene
regulation and replication. The rs1986513 variant also creates several new consensus
transcription factor-binding sites, including TFIID.

It is evident that complex diseases are caused by the interaction of multiple loci. Empirical
evidence has demonstrated that interactions of loci (even when they are not on the same
chromosome) can contribute substantially to complex traits. A goal of genome-wide
association studies is to identify genotype patterns that contribute to a specific phenotype, as
genes may interact with each other to produce disease and analysis of genotype patterns may
reflect such joint gene effects better than looking at one gene at a time.59–61 Information
revealed by genotype patterns is more accurate than that from haplotypes, which are
generally derived from statistical programs and not measured directly.62

Using the three autosomal variants with the highest significance by association of genotype
frequency with heroin addiction, we employed a strategy in which variants from different
genes were analyzed together to identify common genotype patterns of unlinked alleles that
are associated with heroin addiction. Using this method, we found one specific genotype
pattern to be associated with heroin addiction, and a different genotype pattern with
protection from heroin addiction. Further analysis revealed that the specific genotype pattern
associated with heroin addiction had a population attributable risk of 27%. The other
genotype pattern that was found to be significantly associated with the absence of heroin
addiction had a population attributable risk of 83% when lacking this pattern. The three
variants used to generate these genotype patterns were rs1714984, rs965972 and rs1867898.
The variant rs1714984 resides in the second intron of the myocardin gene MYOCD.
Myocardin functions as a muscle-specific transcriptional coactivator that activates specific
smooth and cardiac muscle genes in conjunction with the transcription factor, serum
response factor.63 The second variant rs965972 was discussed above, while the third variant
rs1867898 is found in a region of high predicted regulatory potential.

We also found a point-wise significant association of a variant upstream of the μ opioid
receptor gene OPRM1 with heroin addiction. First, this variant was found as the variant with
the 62nd most significant association of allele frequency with heroin addiction out of the
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9982 total variants (Supplementary Table S1). Second, OPRM1 had the fourth most
significant P-value for the association of allele frequency of the 348 genes in the combined
lists from our laboratory and that of the Gershon57 laboratory (Table 4). The confirmation of
an association of the μ opioid receptor gene OPRM1 with heroin addiction demonstrates the
utility of our genome-wide scan procedure with extensively characterized individual
subjects in a case/control design.

Five genes (Table 4) from our list of genes that may be involved in drug addiction and other
neuropsychiatric disorders (Supplementary Table S3) and from the list of Gershon57 that
may be involved in affective disorder vulnerability (Supplementary Table S4) were
identified as having a strong association with heroin addiction. These are the μ opioid
receptor gene OPRM1; the metabotropic receptor genes GRM6 and GRM8, which encode
the metabotropic receptor subunits mGluR6 and mGluR8, respectively; the NR4A2 gene,
which encodes a nuclear receptor that is a member of the steroid-thyroid hormone-retinoid
receptor superfamily; and CRY1, which encodes cryptochrome 1 (photolyase-like).
Although the variants in or near these genes did not reach experiment-wise significance they
are interesting to consider for future studies in other or larger cohorts, as they were selected
on the basis of hypotheses as to their possible role in addiction and affective disorders. To
our knowledge, no variants in GRM6, GMR8, NR4A2 or CRY1 have been shown to be
associated with any addictive disease.

Gelernter et al.35 reported a linkage study on opioid dependence in a cohort of 393 families
who were recruited at four study sites by having two siblings with cocaine dependence or at
two study sites by having two siblings with opioid dependence. In two of five defined
clusters, they found a LOD score of 3.46 for marker D17S787 at 17q22 for ‘non-opioid
users’ (defined as no opioid abuse or dependence but where 80% had cocaine dependence
and 42% had alcohol dependence (SSADDA criteria)). Nearby, at chromosome 17q25.1, a
LOD score of 3.06 for marker D17S785 was found for ‘heavy-opioid users’ (defined as
having opioid dependence using opioid ‘heavily’ for 3 years or more, of whom 85% also
had cocaine dependence, and 47% had alcohol dependence). We found one variant
rs1828096 at chromosome 17q22, which was ranked 106th by allele frequency (P =
0.00869; Supplementary Table S1) and 171st by genotype frequency (P = 0.0160;
Supplementary Table S2). This variant is located 969 kb from D17S787 and 22 million
nucleotides from D17S785.

In another linkage study, Tsuang and co-workers found two chromosomal regions that were
associated with point-wise significance with heroin dependence in Han Chinese.39 One of
these regions was at chromosome 4q31.21 (Z-score = 2.19, uncorrected P = 0.014). The
marker with the highest nonparametric linkage score in this chromosomal region was
D4S1644, located 16 million nucleotides from rs1986513. In our study, this variant had the
second most significant association of allele frequency (point-wise P = 0.000039) with
heroin addiction, but was not within 100 kb of any known gene. The second identified
marker in the Tsuang study was D17S1880 (located at chromosome 17q11.2; Z-score =
2.36, uncorrected P = 0.009).

Recently, Lachman et al.41 reported a linkage study of opioid dependence in a cohort of 591
subjects comprising 296 ‘subject-described’ families. The variants we found to be
significantly associated with heroin addiction are not on the same chromosome as the two
linkage peaks reported by Lachman and co-workers.

The Uhl group found 38 ‘nominally reproducibly positive’ variants associated with
nonspecific substance abuse based on a mathematical transformation of allele frequency in a
study of European- and African-American pooled cohorts using the Affymetrix 10K
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GeneChip.43 None of these 38 variants were among our top 200 variants with the smallest P-
values, as determined by association of allele or genotype frequency with heroin addiction
(Supplementary Tables S1 and S2).

In another recent study by the Uhl group using a pooled sample approach and the
Affymetrix 100K GeneChip, 51 ‘clustered positive’ chromosomal regions were identified
that contained at least three variants associated with alcohol dependence based on allele
frequency differences in a European- American cohort.44 Many of these regions contained
genes involved in cell adhesion, cell signaling, development, gene regulation or Mendelian
disorders. One region that was identified on chromosome 8 near the ‘disintegrin and
metalloproteinase domain 5’ gene ADAM5 contained the variant rs724322. We also
identified this variant in our list of top 200 variants with the smallest P-values as determined
by association of genotype frequency with addiction (P = 0.0078; Supplementary Table S2).
This variant lies 26 kb downstream from the C8orf4 gene (also known as TC1), which
encodes a positive regulator of the Wnt/ beta-catenin signaling pathway.64 In addition, this
variant is located 8687 nucleotides upstream of the Unigene alignment Hs.190261, a cluster
of expressed sequence tags from testis and mixed tissues.

The study reported here identified two variants that are significantly associated with
vulnerability to develop heroin addiction. We also identified a specific genotype pattern that
explained in our cohort 27% of the population attributable risk for developing heroin
addiction, whereas another protective genotype pattern was identified, and lacking this
genotype pattern explained 83% of the population attributable risk for developing heroin
addiction. Furthermore, a number of genes were found to be associated with heroin
addiction, including those coding for the μ opioid receptor, the metabotropic receptors
mGluR6 and mGluR8, the nuclear receptor NR4A2 and cryptochrome 1. If future studies
confirm the role of these genes in heroin addiction, then one or several of these genes may
be the potential targets for therapeutic interventions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of the negative log10 P-values of the association of genotype and allele
frequency with heroin addiction of each variant across the genome. The negative log10 P-
values for the point-wise significance of the genotype frequency (pink squares) and allele
frequency (blue diamonds) association analyses with heroin addiction (ordinate) are plotted
versus their location on their respective chromosome in the genome in Mb (1 million bases)
(abscissa). The two most significantly associated variants, with q-values of less than 0.2 by
experiment-wise association of genotype or allele frequency with heroin addiction were
rs965972 and rs1986513, which are located on chromosomes 1 and 4, respectively, and are
indicated with ←.
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