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Abstract

The contribution of genes to the etiology of heroin dependence is greater than for any other illicit
drug. The specific genes mediating this effect remain unknown, despite several candidate gene
association studies of the condition. Here we report the results of a genome-wide search for heroin
dependence susceptibility loci using multipoint linkage analysis. In phase I, we ascertained 207
independent affected sibling pairs from 202 Han Chinese families from Yunnan Province, China
(near Asia's “Golden Triangle”). After data-cleaning, 194 fully independent sibling pairs (i.e., with
no overlapping individuals) from 192 families were genotyped on 404 short tandem-repeat
markers spaced at an average inter-marker distance of 9cM. Although none of our findings
achieved genome-wide significance, we found two regions with nonparametric linkage (NPL) Z-
scores greater than 2.0. An NPL Z-score of 2.19 (uncorrected p-value = 0.014) was observed at
D4S1644, located at 143.3 cM on chromosomal region 4931.21. The highest NPL Z-score of 2.36
(uncorrected p-value = 0.009) was observed at 53.4 cM on chromosomal region 17q11.2 at marker
D17S1880. This is among the first published reports of a genome-wide linkage analysis of heroin
dependence. Forthcoming results from other groups and from two additional waves of
ascertainment (one planned, one currently ongoing) for our own study should be able to support or
refute the putative susceptibility loci we have identified, after which positional candidate genes
can be further evaluated as risk factors for the illness.
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Introduction

Heroin dependence is a particularly disabling psychiatric disorder, characterized by severe
psychological and physical dependence and withdrawal, which often prevents cessation and
sustains usage. The severity of the recent global heroin epidemic is reflected in some
statistics from the United States, where heroin dependence is at its highest levels since the
late 1970s (Substance Abuse and Mental Health Services Administration - Office of Applied
Studies 2003b). In 2002, approximately 166,000 individuals in the U.S. were current heroin
users, and the lifetime prevalence of heroin use has been increasing since the mid-1990s
among the youngest segments of the population. For example, from 1995 to 2002, the rate of
heroin use among youths between the ages of 12 and 17 years increased from 0.1 to 0.4%;
among young adults between the ages of 18 and 25 years, this rate rose from 0.8 to 1.6%
during the same period. The latest surge in heroin usage has been accompanied by an
increase in medical emergencies and mortality directly precipitated by the use of the drug
(Substance Abuse and Mental Health Services Administration - Office of Applied Studies
2003a; Substance Abuse and Mental Health Services Administration - Office of Applied
Studies 2004). Thus, heroin dependence is a major threat to global public health, and efforts
to identify avenues for its prevention are sorely needed. Unfortunately, the specific factors
that predispose individuals to abuse heroin are not yet well enough understood to target
these for intervention and prevention efforts.

Evidence from several twin studies (Karkowski and others 2000; Kendler and others 2000;
Tsuang and others 2001; Tsuang and others 1996; van den Bree and others 1998) suggests
that genes account for between 23 and 54% of the total liability toward heroin dependence,
with the remainder of variance in liability attributable to environmental factors. In contrast
to other substance use disorders, a large portion of the genetic risk for heroin dependence is
conferred by genes that specifically increase risk for dependence on this substance alone,
rather than by genes that predispose toward substance dependence more generally (Tsuang
and others 1998). The search for risk genes for heroin dependence is therefore well
warranted.

Several attempts have been made to relate particular allelic variants of functional candidate
genes with heroin dependence through association mapping. The majority of genes that
historically have been selected for examination of association with the illness can be roughly
classified into two groups based on the functions of their proteins: 1) monoamine pathway
genes, due to the known role of serotonin and dopamine neurotransmission in mediating the
effects of several drugs of abuse; and 2) opioid pathway genes, due to their expression in or
direct interaction with the opioid system, which is the primary transmitter system targeted
by heroin. The collective evidence for an association between heroin dependence and any of
these functional candidate genes is quite limited (Kreek and others 2005), suggesting that
the selection of positional candidate genes based on the results of genome-wide linkage
analysis might be a beneficial alternate strategy.

Toward that end, we collected DNA and clinical data from Han Chinese sibling-pairs (both
of whom were affected by heroin dependence), and collected DNA from their parents and
additional family members from Yunnan Province, China, which borders an area of
Myanmar and Laos known as the “Golden Triangle”. This region is the source of more than
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20% of the world's heroin (Cai 1998), and increases in heroin smuggling through Yunnan
Province during the last two decades (Beyrer and others 2000;Stimson 1993;Stimson 1994)
have produced a concomitant rise in heroin dependence among the Province's 37 million
residents (Beyrer and others 2000;McCoy and others 2001), especially the region's youth
(Kulsudjarit 2004). These high levels of exposure to a necessary environmental factor (i.e.,
heroin) make this geographical region ideal for investigating the genetic bases of heroin
dependence. The first phase of data collection for this project has been completed, and this
report documents the results of the initial genome-wide linkage analysis of these families.

Materials and Methods

Ascertainment and Clinical Assessment

Genotyping

Heroin-dependent probands were recruited from the Yunnan Institute of Drug Abuse
(YIDA), Yunnan Province, China. An initial screening was performed to determine if the
proband had any affected siblings; if so, the proband was enrolled and asked for permission
to contact their family members, who were then individually evaluated for inclusion in the
study. The final sample for the present analyses included 604 individuals (including 194
affected sibling-pairs) from 192 families. The average number of genotyped people per
family was 2.4. (Table 1).

Each proband and their affected sibling underwent a confirmatory diagnostic screen using
supplemental medical records and a semi-structured interview that was based on the
Diagnostic and Statistical Manual, Fourth Edition (DSM-1V) (American Psychiatric
Association 1994). Following this screen, the Mandarin Chinese version of the Diagnostic
Interview for Genetic Studies (DIGS) (Faraone and others 1996; Nurnberger and others
1994; Wang and others 2004) was administered. Interviewers underwent rigorous training
on the DIGS to ensure an accurate diagnostic assessment. Test-retest reliabilities of
diagnoses based on the English, French, Korean, and Colombian versions of the DIGS have
previously been shown to be excellent (Faraone and others 1996; Joo and others 2004;
Nurnberger and others 1994; Palacio and others 2004; Preisig and others 1999); test-retest
reliability of the Chinese version may be similarly excellent, however this issue has not yet
been empirically determined. We supplemented structured interview data with information
extracted from medical records. Best-estimate final diagnoses were made by two board-
certified psychiatrists independently based on all the clinical information that was collected.
When these psychiatrists disagreed, a third diagnostician was used as the tiebreaker. All
procedures used in this study were approved by the Institutional Review Boards of the
participating institutions, including YIDA, Harvard Medical School, and the University of
California, San Diego.

Approximately 10ml of blood was drawn from each subject and immediately shipped to the
NIDA Center for Genetic Studies at the Rutgers University Cell and DNA Repository,
where cells were immortalized via transformation with Epstein-Barr virus. DNA was
extracted from these cell lines and sent to the Center for Inherited Disease Research (CIDR)
for genotyping. CIDR genotyped all samples on 386 microsatellite markers spaced at an
average inter-marker distance of 9 cM, following their standard procedures, which are
published on the web (http://www.cidr.jhmi.edu/protocol.html). No gap was greater than 20
cM between any two markers. Marker distances were generated using the sex-averaged
Marshfield genetic map (Broman and others 1998). Pedigree inconsistencies were evaluated
using RELCHCK (Boehnke and Cox 1997) and GRR (Abecasis and others 2001). Once the
pedigree errors were identified, each error was examined manually and corrected
accordingly or, if the source of the discrepancy could not be identified, the pedigree was
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eliminated from the analyses. Mendelian inconsistencies were checked and removed using
PEDCHECK (O'Connell and Weeks 1998). Additional unlikely genotypes were removed
using pedwipe, a command available in Merlin (Abecasis and others 2001).

Linkage Analysis

Results

Multipoint nonparametric linkage analysis was performed across all autosomes and the X
chromosome using the computer program Merlin (Abecasis and others 2001). Although all
relative-pairs were included in the data analyses, only data from affected sibling-pairs
contributed to the test statistics. This was due to unavoidable limitations on the data
collection protocol, which prohibited the collection of detailed phenotypic information from
family members other than probands and their affected siblings. Results are reported as
nonparametric linkage (NPL) Z-scores calculated from Merlin, the method of which is
described in detail by Whittemore and Halpern (1994). Allele frequencies were calculated in
Merlin using all available individuals, and NPL Z-scores were calculated at each marker
throughout the genome. The statistical significance of these Z-scores was determined by
performing 1000 simulations of the data under the assumption of no linkage, and then
performing linkage analyses in Merlin using that simulated data. Through this process, we
determined that an NPL score of 2.18 (LOD score of 1.51) or greater would be expected to
occur once by change in a genomewide linkage scan and, thus, would meet traditional
criteria for “suggestive” evidence for linkage, while an NPL score of 3.03 (LOD score of
2.85) would occur only 0.5 times per linkage scan and would qualify as “significant”
evidence for linkage (Lander and Kruglyak 1995). In the analysis reported here, individuals
with either heroin abuse or dependence were considered affected. This study only collected
data on nuclear families and therefore there were no extended relatives or three-generation
families included in the analysis. Power analyses were conducted using the Genetic Power
Calculator (Purcell and others 2003).

To date, we have collected clinical and genetic marker data on 207 independent affected
sibling-pairs from 202 Han Chinese families. Of these, 192 families were retained for
genetic linkage analyses after applying the various data-cleaning procedures resulting in a
total of 194 independent sibling-pairs in the linkage analysis. Table 1 contains descriptive
information on the final sample used in the genetic linkage analysis presented here.

We found two regions with nonparametric linkage (NPL) Z-scores greater than 2.0 (Figure
1). A peak NPL Z-score of 2.19 was observed at marker D4S1644 (uncorrected p-value =
0.014), located at 143.3 cM on chromosomal region 4931.21 (Figure 2). The corresponding
LOD-score for this peak is approximately 1.22, and the 1-LOD drop-down region
surrounding this peak extended from 122-172 ¢cM on chromosome 4. The highest NPL Z-
score of 2.36 (uncorrected p-value = 0.009) was observed at 53.4 cM on chromosomal
region 17g11.2 at marker D17S1880 (Figure 3). This peak NPL Z-score corresponded to a
LOD score of 1.77, and the 1-LOD drop-down region surrounding this peak extended from
30-82 cM. The evidence for linkage at both markers (on chromosomes 4 and 17) exceeded
the threshold for “suggestive” evidence for linkage, but neither attained the level of
“significant” evidence according to traditional criteria.

Given the observed marker heterozygosity, spacing, and density, many regions of the
genome had relatively low information content. For example, less than twenty-five percent
of the genome had information content greater than 0.55, half the genome had information
content less than 0.52, and no place along the genome had an information content greater
than 0.64. These values may be lower than those observed in other samples for which the
CIDR marker set was optimized (e.g., European-American samples), which may cause a
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reduction in power in analyzing our samples with the same markers. However, this suggests
that the evidence for linkage that we have observed presently could be strengthened by
further fine-mapping or by the evaluation of additional carefully selected markers that show
high heterozygosity in the Han Chinese population.

Discussion

The present report documents some of the first known results of genome-wide linkage
analysis of sibling-pairs affected by heroin dependence. Loci on chromosomes 4 and 17
showed some promise for harboring risk genes for the illness. Of potentially major
importance, we note that the only marker to be significantly linked (LOD = 3.46) to non-
opioid drug dependence in the sample of European-American families studied by Gelernter
et al. (2006) is within 25 cM and the 1-LOD drop-down interval of the most strongly linked
marker observed in our sample of Han Chinese heroin-dependent sibling-pairs (D17S1880 at
53.4 ¢cM on chromosome 17¢). However, the strongest evidence for linkage to opioid
dependence reported by Gelernter et al. was observed at a more distal marker at 103.5 cM
on 17q, beyond the 1-LOD drop-down interval around our most strongly linked marker. In
addition, the evidence for linkage we have observed on chromosome 17 attained the level of
“suggestive” evidence for linkage, but did not surpass criteria for genome-wide
“significance” when accounting for multiple testing across the genome. Because of this,
caution must be exercised when interpreting these findings.

Our immediate plans for following up on these results include ascertainment and analysis of
additional affected sibling-pairs and families, as well as increasing the density of
informative markers in the region of the observed linkage signals. Yet, even at this early
stage, some of the genes under these preliminary linkage peaks might warrant attention as
positional candidate genes for heroin abuse or dependence. For example, CDK5R1 maps to
chromosome 17g11.2 and codes for regulatory subunit 1 of cyclin-dependent kinase 5
(cdk5), which has been implicated in the psychological dependence on and behavioral
sensitization to morphine in rodents (Narita and others 2005; Wang and others 2004). Cdk5
protein was also found to be down-regulated in neuronal tissue from opioid addicts and
opiate-treated rats (Ferrer-Alcon and others 2003). Thus, CDK5R1 may now be considered a
reasonable candidate gene for heroin dependence on both positional and functional grounds.
In addition, ARRB2, which codes for arrestin beta 2, might be considered a candidate gene
worth pursuing since mu-opioid receptor agonism usually involves recruitment of this
molecule, and Arrb2 has been shown to directly regulate opioid-induced synaptic release
and presynaptic inhibition (Bradaia and others 2005); however, ARRB2 maps to
chromosome 17p13, which is quite distal to the region on chromosome 17g11.2 that was the
most tightly linked in our study. These and other candidate genes under the observed linkage
peaks are now being evaluated for potential functional relevance to the condition, as well as
their suitability for allelic association analysis. However, we must reiterate that the evidence
for linkage at even our most strongly linked candidate regions is preliminary in nature and
these regions are very broad, encompassing hundreds of genes; thus, any pursuit of
candidate genes in these regions must proceed with due caution.

Of note, none of the “traditional” functional candidate genes for heroin dependence (e.g.,
monoamine and opioid pathway genes) code to either of the two regions implicated in this
study. This result suggests that functional candidate gene association studies of complex
conditions such as heroin dependence may not be the only—or even the best—strategy for
identifying responsible polymorphisms. Such approaches may work better when they are
complemented by systematic genome-wide linkage and association screens that are not
limited by the constraints of existing disease models. Indeed, the full compendium of risk
factors for heroin dependence may include some genes that would have been identified as
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functional candidates (e.g., opioid receptors), some genes that are positional candidates, and
some which are both (e.g., CDK5R)

The results reported here are from the first phase of data collection for an ongoing study, and
therefore must be considered preliminary. With the addition of more families and markers,
the evidence for linkage at the loci on chromosomes 4 and 17 may become stronger or
disappear altogether. On the other hand, loci with NPL Z-scores greater than 1.0 but less
than 2.0 (such as those on chromosomes 1, 5, and 10) may yield additional evidence to
strengthen their position as linked loci. In addition to the preliminary nature of this study,
another related limitation is the relatively small sample size, which only afforded us
adequate power (B > 0.80) to detect loci with relatively large effects (i.e., accounting for >
10% of the variance) on risk for heroin dependence. The genetic architecture of heroin
dependence is unknown but is likely to be quite complex, with multiple genes and
environmental factors each making small contributions to the overall liability toward
dependence. Therefore, our sample (to date) is probably too small to detect the majority of
loci that have small but reliable influences on risk for heroin dependence.

This study also has several strengths which may offset these limitations to some degree.
Three of these strengths relate to three distinct aspects of the sampled population. First, the
rate of exposure to heroin among individuals in Yunnan Province is much higher than in
most other places in the world, and exposure to heroin is of course a necessary step in
becoming dependent. In the presence of such high levels of exposure, our ability to detect
risk genes for heroin dependence may be heightened because more individuals are put in a
position where the risk-conferring genes will have the opportunity to manifest their
influence. On the other hand, the prevalence of phenocopies in our sample may be
heightened. Second, families in China (even those with heroin-dependent members) tend to
remain intact, thus increasing our continued ability to ascertain families that are useful for
linkage analysis and, ultimately, family-based association analyses. Third, the Han Chinese
population is genetically more homogeneous than other populations (Oota and others 2002),
especially that of the United States. This greater homogeneity may increase our ability to
detect risk genes by decreasing the background “noise” against which risk genes generate a
small but observable linkage “signal”.

In summary, we have identified two loci that may contain genes that influence risk for
heroin dependence. The results of this first-pass positional cloning effort should provide
useful information beyond that already attained using candidate gene association methods,
and provide the foundation for future analyses of positional candidate genes that also have
physiological plausibility. The evidence linking these loci to heroin dependence will either
be strengthened or refuted by additional samples collected in our study, as well as the results
of other ongoing linkage and association studies of opioid and heroin dependence.
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Figure 1.

The plot shows a curve of NPL Z-scores observed at markers mapping to the indicated

centiMorgan positions throughout the genome.
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Figure 2.

The plot shows a curve of NPL Z-scores observed at markers mapping to the indicated
centiMorgan positions on chromosome 4, including a peak NPL Z-score of 2.19 at marker
D4S1644 (143.3 cM).
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Figure 3.

The plot shows a curve of NPL Z-scores observed at markers mapping to the indicated
centiMorgan positions on chromosome 17, including a peak NPL Z-score of 2.36 at marker
D1751880 (53.4 cM).
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Table 1

Descriptive Statistics of the Sample

The table provides frequencies of individuals, sibling-pairs, and families used in the present analyses.

Statistic

N (% of sample)

Genotyped individuals
Genotyped individuals by sex
male
female
Genotyped individuals by affection status
affected
unaffected
Families with the indicated number of genotyped individuals
2
3
4
5
Independent Sibling-pairs
Affected full sibling-pairs
Affected half-sibling-pairs

453

332 (0.73)
121 (0.27)

386 (0.67)
67 (0.33)

132 (0.70)
37(0.20)
17 (0.09)

2(0.01)
194
180

14
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