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Haplotypes at the OPRM1 Locus Are Associated
With Susceptibility to Substance Dependence

in European-Americans
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Our objective was to investigate the relation-
ship between the gene encoding the p-opioid
receptor (OPRM1) and susceptibility to sub-
stance dependence in European-American
(EA) and African-American (AA) subjects.
Eight single nucleotide polymorphisms
(SNPs) at the OPRM1 locus, i.e., —2044C/A,
—1793T/A, —1699insT, —1469T/C, —1320A/G,
—-111C/T, +17C/T (Ala6Val), and +118A/G
(Asn40Asp) were genotyped in 676 subjects:
318 EA subjects and 124 AA subjects with
substance dependence, and 179 EA normal
controls, and 55 AA normal controls. Affec-
tion status was defined by each unique
combination of alcohol, cocaine, and opioid
dependence and analysis of association
examined in relation to the possible combi-
nations. We used a newly implemented per-
mutation method to evaluate statistical
significance. In EAs, a significant difference
in haplotype frequency distributions was
found between controls and “alcohol+
opioid” dependent patients (P = 0.0036). This
finding is also supported by logistic regres-
sion analysis and a simulation method. The
frequencies of allele —2044A and haplotypes
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including -2044A are higher in these
patients than in controls. In AAs, no allele,
haplotype, or genotype frequencies were
significantly different between cases and
controls. There were highly significant dif-
ferences in the allele, haplotype, and geno-
type frequencies between EA and AA
controls. Four of the variants [-1793T/A,
—1699insT, —1320A/G, and —111C/T] are in
virtually complete linkage disequilibrium
(LD) to compose a sequence pattern, which
does not associate with any of the seven
categories of substance dependence. In EAs,
allele —2044A and haplotypes that include
—2044A are the susceptibility allele and
haplotypes for substance dependence. These
findings suggest that OPRM1 may play a role
in the pathophysiology of substance depen-
dence and this role is population- and diag-
nosis-specific. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Twin, family, and adoption studies have indicated
that susceptibility to substance dependence, including
opioid dependence, cocaine dependence, and alcohol de-
pendence, is genetically influenced, with strong influ-
ences from environmental factors as well [Mirin et al.,
1984; Cadoret et al., 1986; Goodwin, 1989; Grove et al.,
1990; Pickens et al., 1991; Rounsaville et al., 1991;
McGue et al., 1992; Cadoret et al., 1995]. Since these
disorders are heritable, it should be possible to identify
specific genetic loci that influence risk. The candidate
gene strategy may be used to help identify certain genes
that play important roles in the etiology of substance
dependence.
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The p-opioid receptor (MOR) (which is encoded by
genetic locus OPRM1) is a primary site of action for
many endogenous opioid peptides, including B-endor-
phin and enkephalin, and also for the most commonly
used and abused opioids, including morphine, heroin,
fentanyl, and methadone [Basbaum and Fields, 1984;
Pasternak, 1993; Zadina et al., 1997]. In contrast to the
selective action of opioids on the u receptor, some non-
opioid drugs and abused substances with other primary
sites of action (including alecohol and cocaine) exert some
of their ultimate effects through interaction with the
opioid receptor [Kreek, 1996; Herz, 1997]. Some drugs
of abuse can cause a euphoric effect through rapidly
activating the MOR. The euphoric effect confers reinfor-
cing or rewarding effects of the drug, which constitute a
key psychomotor mechanism of development of addition
[Bond et al., 1998].

Animal models have provided evidence for a role of
the opioid system in the effects of alcohol. Alcohol-
preferring rats show a significantly higher density of
MORs in the ventral tegmental area (and related limbic
brain regions), in comparison to alcohol avoiding (ANA)
rats [De Waele et al., 1995]. In humans, B-endorphin
immunoreactivity in blood, plasma, or CSF in alcoholics
is less than that in controls [Inder et al., 1998]. Subjects
from families with a high density of alcohol dependence
show reduced endogenous opioid activity in hypothala-
mus [Wand et al., 1998]. MOR agonists and antagonists
have been shown to affect alcohol consumption. Nal-
trexone, a MOR antagonist, is one of only two medica-
tions approved in the US to treat alcohol dependence
[O’Malley et al., 1992; Volpicelli et al., 1992]. A series of
clinical and experimental studies have suggested possi-
ble involvement of MOR-related mechanisms in the
reward, tolerance, and withdrawal processes of alcohol
dependence [Kreek, 1996; Herz, 1997]. Genetic varia-
tion at loci coding for opioid-system proteins, including
OPRM1, might, therefore, be expected to affect risk for
drug and alcohol dependence, and possibly other
addictive behaviors as well, and to be involved in the
pathophysiology of substance dependence.

There is also considerable evidence for opioid effects
on cocaine self-administration. Animal studies have
shown that pre-treatment with an opioid agonist (e.g.,
methadone) enhances cocaine’s reinforcing properties
and increases cocaine self-administration [Mello et al.,
1990; Corrigall and Coen, 1991]. Conversely, pre-
treatment with an opioid antagonist (e.g., naltrexone)
typically results in reduced reinforcement and attenu-
ates cocaine self-administration [De Vry et al., 1989;
Houdi et al., 1989; Bilsky et al., 1992]. A study in living
human subjects with PET has found a significant
upregulation of MOR binding in cocaine-dependent
men and an association between this upregulation and
cocaine craving [Zubieta et al., 1996]. The opioid-
dependent human subjects who were treated with
naltrexone used significantly less cocaine than those
maintained on methadone [Kosten et al., 1989].

Many genetic variants at the OPRM1 locus have been
identified and their relationships to drug dependence,
alcohol dependence, and related phenotypes have been
studied. Our research group previously examined the

association of a polymorphic (CA), repeat at OPRM1
locus to alcohol or drug dependence in 320 Caucasian
and 108 AA substance-dependent or control subjects,
with suggestion of a modest association (P =0.03), ob-
served between OPRM1 alleles and substance (alcohol,
cocaine, or opioid) dependence [Kranzler et al., 1998].
Other studies [e.g., Bergen et al., 1997; Berrettini
et al., 1997] have considered putatively functional
OPRM1 variants, with mixed results. Polymorphisms
commonly studied include +17C/T, located in position
+17inexon 1, leading to Ala6Val in the N-terminus; and
+118A/G, located in position +118 in exon 1, leading
to Asn40Asp. This Asn40Asp substitution can dif-
ferentially affect receptor activity and affinity for
endogenous ligand B-endorphin. The MOR Asp40 iso-
form binds B-endorphin approximately three times more
potently than the more common Asn40 variant [Bond
et al., 1998]. Also, B-endorphin increases the agonist-
induced activation of G protein-coupled potassium
channels of the variant Asp40 three times more than
that of the common Asn40 [Bond et al., 1998]. Thus, this
substitution can alter both binding and signal transduc-
tion. Subjects expressing Asp40 have a greater cortisol
response to opioid receptor blockade with naloxone and a
lower agonist effect of morphine-6-glucuronide [Hollt,
2002; Lotsch et al., 2002; Wand et al., 2002; Hernandez-
Avila et al., 2003].

Several studies have reported positive associations
of +17C/T or +118A/G with substance dependence. A
study on Hispanics found that the common allele +118A
was present in a significantly higher proportion of
opioid-dependent subjects than non-opioid-dependent
subjects [Bond et al., 1998], a result that we could not
replicate [Gelernter et al., 1999]. Another research
group genotyped the +118A/G polymorphism in 105
alcoholics (80% Caucasian) and 122 normal controls,
and reported an association between the +118A allele
and alcohol dependence [Town et al., 1999]. A most
recent study on 297 Caucasian controls and 179 Cauca-
sian patients with substance dependence, who abused
alcohol, cigarette, cocaine, marijuana, and/or other
illegal drugs, found that there was a significant asso-
ciation between substance dependence and +118A
[Schinka et al., 2002]. A previous study on +118A/G
and another variant, C1031G, in 200 Chinese heroin-
dependent and 97 control subjects showed a significant
association for both allele +118G and +1031G poly-
morphisms and opioid dependence [Szeto et al., 2001]. In
addition, as noted above, an OPRM1 (CA), polymorph-
ism has also been studied. This polymorphism would
presumably not affect function directly, but could show
association with phenotype due to linkage disequili-
brium (LD) with a functional polymorphism (we pre-
viously reported that it is in LD with the exon 1
polymorphisms [Gelernter et al., 1999]). The positive
findings discussed above (albeit in limited samples)
suggest that OPRM1 may play a role in the pathophy-
siology of substance dependence.

Hoehe et al. [2000] genotyped 250 cases and controls
by multiplex sequence comparison. In the subgroup of
172 African-Americans (AAs), including 137 opioid/
cocaine dependent patients and 35 normal controls, a
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total of 43 biallelic variants of OPRM1 were identified
by sequencing, 40 of which were substitution SNPs
and three of which were insertion/deletion (Ins/Del)
variants. Of these 43 variants, 24 variants were in the 5'-
regulatory region, four in the 5-UTR, one in the 3'-UTR,
eight in intronic regions, and six in the coding region (of
which five affect predicted protein sequence). Although
the &'-regulatory region is non-coding, some variants in
this region could affect transcription regulatory motifs.
Alteration of 5'-untranslated mRNA sequences could
readily explain different levels of MOR mRNA stability
or even translational efficacy, and could contribute to the
expression of differing levels of this protein in different
individuals or cell types.

Hoehe et al. [2000] reported that the sequence variant
pattern [—1793T/A, —1699insT, —1320A/G, —111C/T,
and +17C/T], which is predominantly composed of a
specific set of changes in putative transcription regula-
tory motifs, positively associated with opioid or cocaine
dependence in AAs. The sample for that analysis
included 158 affected subjects and 51 controls; data
from 137 cases and 35 controls were shown in the
original paper.

In the present study, five variants in the 5’ putative
regulatory region, including four substitution SNPs,
i.e.,, —2044C/A, —1793T/A, —1469T/C, and —1320A/G,
and one insertion variant —1699T, one SNP —111C/T in
the 5-UTR, and two SNPs in exon 1, i.e., +17C/T and
+118A/G were genotyped. These variants were chosen
because they showed the greatest potential to distin-
guish between substance dependent and control sub-
jects in previous studies, including that recent study
by Hoehe et al. [2000]. The relationships between the
alleles and the haplotypes of these eight variants and
the susceptibility to substance dependence including
opioid dependence, cocaine dependence, and alcohol de-
pendence were investigated.

MATERIALS AND METHODS
Subjects

We examined allele and haplotype frequencies in 497
European-Americans (EAs) and 179 AAs. Of this
number, 318 EAs and 124 AAs met lifetime DSM-III-R
criteria [American Psychiatric Association, 1987] for
alcohol, cocaine, or opioid dependence or a combination
of these disorders. These subjects were predominantly
male (76.0%). Diagnoses were made using the Struc-
tured Clinical Interview for DSM-III-R (SCID) [Spitzer
et al., 1992], the computerized Diagnostic Interview
Schedule for DSM-III-R (C-DIS-R) [Blouin et al., 1988],
or a checklist comprised of DSM-III-R symptoms. The
234 control subjects, which included 179 EAs and 55
AAs, were screened using the SCID, the C-DIS-R, or the
Schedule for Affective Disorders and Schizophrenia
[Spitzer and Endicott, 1975] to exclude alcohol or drug
dependence. A majority of the control subjects were male
(565.5%).

Subjects were recruited at the University of Connecti-
cut Health Center or the VA Connecticut Healthcare
System, West Haven Campus. All subjects gave written
informed consent before participating in the study,

which was approved by the Institutional Review Board
at the relevant institutions. The present data set in-
cludes many of those subjects for whom we pre-
viously reported allele frequencies for the OPRM1 STR
[Kranzler et al., 1998] and the two exon 1 polymorph-
isms (Ala6Val and Asn40Asp, or +17C/T and +118A/G)
[Gelernter et al., 1999].

Genotyping

Genomic DNA was extracted from peripheral blood by
standard methods. The eight SNPs were genotyped by
polymerase chain reaction—restriction fragment length
polymorphism (PCR-RFLP) techniques using five pair of
primers and eight different restriction enzymes, as
described in Table I. Mismatched bases were inserted to
create artificial restriction sites for genotyping (Table I).
PCR was performed in a final volume of 15 pl for each
system. From the 15 pl reaction product in the first
system, 5 pl were digested in 10 U Hhal (all restric-
tion enzymes purchased from New England Biolabs,
Beverly, MA), and 5 pl digested in 10 U Dral, to yield
genotypes for two SNPs from a single PCR reaction.
The forward primer (5'-end) was used to genotype the
—2044C/A variant. The reverse primer (3’-end) was used
to genotype the —1793T/A variant. The second PCR
system also serves to genotype two SNPs from a single
reaction. From the 15-ul reaction product in the third
PCR system, 10 pl of the reaction mixture were digested
in 10 U Sau96l to yield genotypes for the —1320A/G
variant. The fourth PCR system also served to genotype
only one SNP. In the fifth PCR system, +17C/T and
+118A/G were genotyped from a single PCR reaction as
described previously [Gelernter et al., 1999].

Approximately 8% of all genotypes were repeated at
random for quality control, with complete agreement.

Statistical Analysis

For discussion of haplotype frequency, we notate
the haplotype in the 5'- to 3'-direction, i.e., —2044C/A,
—1793T/A, —1699insT, —1469T/C, —1320A/G,—111C/T,
+17C/T (Ala6Val), and +118A/G (Asn40Asp). The “1”
notation corresponds to the following eight common
alleles: [-2044C, —-1793T, —-1699 non-T, —1469T,
—1320A, —111C, +17C, and +118A]. The “2” notation
corresponds to the following eight variant alleles:
[—2044A, —1793A, —1699T, —1469C, —1320G, —111T,
+17T, and +118G].

Haplotype frequency estimation. The most likely
haplotype pair for each genotype in each individual was
estimated and the haplotype frequency distributions
were obtained with an expectation-maximum (EM) algo-
rithm, using MLOCUS software [Long et al., 1995;
Peterson et al., 1999; Long, personal communication].
We observed six different eight-variant haplotypes in
EAs and seven different eight-variant haplotypes in AAs
(see Table II). The genotype for each sample and the
genotype frequency distributions were then derived
from the haplotype pair and the haplotype frequency
distributions. We note that the haplotype pairs for most
individuals can be uniquely identified, i.e., there is at
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most one heterozygous site among the studied poly-
morphisms (when the four-variant pattern is considered
as one marker). Therefore, the impact of uncertainty in
haplotype inference on association studies is minimal.
We observed eleven different genotypes in EAs and eight
genotypes in AAs (data not shown).

Several variants in complete LD can compose a
sequence variant pattern. As described in detail in the
results below, we found that the four variants, i.e.,
[—1793T/A, —1699insT, —1320A/G, and —111C/T] were
in virtually complete LD to compose a sequence pattern
that produced, in effect, a single marker. Therefore,
these eight SNPs can be represented as five markers.

All phases of genotypes based on five-marker haplo-
types (considering the four-variant pattern as one
marker) can be unambiguously inferred with the EM
algorithm; the majority of the individuals (99.9% in EAs,
92.5% in AAs) have at most one heterozygous allele of
these five markers at each chromosome (see Table II).

Evaluation of the potential for confounding of
age and sex on the association between haplotypes
and phenotypes. Differences in age and sex between
cases and controls may sometimes obscure an alter-
nate explanation for association. We, therefore, tested
whether possible associations between haplotypes and
phenotypes were robust after excluding possible con-
founding of age and sex. Such confounding could be
attributable to age and sex related penetrance differ-
ences, and could increase either type I or type II error.
Such tests were performed before analysis of the rela-
tionship between haplotypes and diagnoses, because it
is impossible to incorporate age and sex in the simula-
tion test for association, given the complexity of the
method of analysis.

The data were analyzed using logistic regression
analysis in SPSS 11.0. In the regression models, age,
sex, and the haplotypes served as the independent vari-
ables (i.e., covariates) and the diagnosis was the de-
pendent variable. The multinomial haplotypes were
separated into five binary covariates before being enter-
ed into the regression models, i.e., haplotype with/
without —2044A, haplotype with/without —1793A,
haplotype with/without —1469C, haplotype with/with-
out +17T, and haplotype with/without +118G. The
dependent variable is also binary, i.e., “control” =0 and
“affected” = 1, in which “affected” is any one of the seven
case diagnoses (enumerated below).

Comparison of haplotype, allele, and genotype
frequencies: 2 x 2 contingency table comparison:
1-test, Fisher’s exact test. Comparison of haplo-
type frequency was defined as the primary analysis;
other analyses on allele and genotype frequency were
considered exploratory. Comparisons were made based
on the total case group: seven different, mutually ex-
clusive diagnostic subgroups (opioid, opioid + cocaine,
cocaine, cocaine + alcohol, alcohol, alcohol + opioid, and
alcohol + opioid + cocaine dependence) versus normal
controls. These diagnostic subgroups were set to identify
the source of any statistically significant difference ob-
served between the total case group and controls.
Contingency table (2 x 2) comparisons were performed
using the y%-test in S-PLUS or the two-tail Fisher’s exact
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test online [Langsrud, 1999]. Empirical P values for
2 x k (k> 2) contingency table comparisons were com-
puted via permutation by CLUMP software (T1 statistic,
1,000 simulations) [Sham and Curtis, 1995]. The adjust-
ed empirical P values for m x k (m, k> 2) contingency
table comparisons were computed by a simulation
method described below.

Bonferroni correction. When multiple statistical
tests on the same data were performed, a Bonferroni-
corrected o level (~0.05/n, where n is the number of
tests) was selected as the primary threshold for statis-
tical significance. We obtained this exact Bonferroni-
corrected o value via SISA [Uitenbroek, 1997]. To avoid
multiple tests that could occur in our m x k contingency
table comparisons, we developed a program to run
Monte Carlo simulation test described below.

Monte Carlo simulation test. Inour m x ktables,
which include several haplotypes in a normal control
group and seven mutually exclusive diagnosis groups,
some expected cell counts are smaller than five, which
may nullif;y the asymptotic sampling distribution of the
Pearson y~ statistic and, therefore, the associated test of
significance. The large number of haplotypes increases
the degrees of freedom, which would reduce the power
to detect a potentially small difference in haplotype fre-
quency between cases and controls. Traditionally, two
empirical methods are used for handling these kinds
of statistical problems: (1) grouping together the rare
haplotypes such that no expected cell count is less than
five. This method may result in a loss of power; (2) com-
paring each haplotype in turn against the rest. This
method would create many 2 x 2 tables and an adjust-
ment such as the Bonferroni correction for multiple
comparisons is always required, but it is also always
difficult to ascertain the exact number of independent
tests to understand and clarify the Bonferroni-corrected
significance level. Both methods could reduce the
power to detect a true association when the number of
haplotypes or alleles is large. To avoid this loss of
information, we performed Monte Carlo simulations to
estimate the significance level. With this test, we are no
longer limited to statistics of known asymptotic dis-
tributions. In the EAs and AAs, if we take each marker
as a special form of a haplotype, i.e., a one-marker hap-
lotype, the five markers (i.e., eight variants) can consist
of up to 31 kinds of different haplotypes (31=C2+
CZ+C2+ C2+ CE, in which C denotes the combinatorial
approach, with formula C; =m!/[(m—n)!n!]). Of these
31 kinds of haplotypes, only the one-marker haplo-
types and the eight-variant haplotypes were listed in
Tables II and III, respectively. Thus, for Table II, we
could perform y2-tests on 217 (=31x7) 2 x k contin-
gency tables, each of which compares the frequency
distributions of one kind of haplotype between controls
and any one of the seven diagnostic groups and get 217
P-values, where k > 2 is the number of different chromo-
somes in each kind of haplotype. The minimum of these
217 P-values is designated as Py.

Then, according to the principle of Monte Carlo simu-
lation tests, we randomly generate 10,000 simulated
contingency tables constrained to have the same
marginal totals as the original data, under the null
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hypothesis that cases and controls have the same hap-
lotype frequencies. We calculated the minimal P-value
(Py) of each of these 10,000 simulated tables using the
same procedure as the original data set. The statistical
significance of the observed association can, therefore,
be evaluated on the basis of how often the observed
minimal P-value is smaller than the calculated minimal
P-values when applied to random subsets of the original
data. If r is specified as the number of times that Pjis
less than or equal to Py in the 10,000 simulations, then
the adjusted empirical P-value is just (r+ 1)/10,001
[North et al., 2002].

We conducted the above procedures using an R
program (version 1.5.0, available from http:/www.
r-project.org); code is available from us upon request.

RESULTS

The common allele and the variant type allele of each
of the SNPs are shown in Table III. Among the eight
SNPs studied, we found four SNPs, ie., —1793T/A,
—1699insT, and —1320A/G, which are located in the
5’-regulatory region, and —111C/T in the 5-UTR that
are in virtually complete LD to compose a sequence pat-
tern like a biallelic marker. This characteristic pattern
results in only two common haplotypes, 1111 and 2222,
so these eight SNPs can be taken as five markers
(notated as I-V, see Table III).

Age, sex, and haplotype served as covariates and the
diagnosis served as the dependent variable; in the
different logistic regression models (seven models in
EAs and seven models in AAs), all P values for the con-
tributions of haplotypes to phenotypes are >0.05, with
the exception of P =10.005 for the contribution of haplo-
type with —2044A to diagnosis of “alcohol + opioid” in
EAs. This unique association remains significant even
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after Bonferroni correction (o =0.0073 ~ 0.05/7, with 7
being the number of subgroups), which indicates that
this association was robust after excluding the potential
confounding of age and sex.

The five markers (i.e., eight variants) can generate at
most 31 different n-marker haplotypes (n=1-5). All 31
haplotypes were investigated in the present study, in
order to identify any subsets of markers that may be
useful for risk assessment. The eight-variant haplotype
frequencies are shown in Table II, one-variant haplo-
type (i.e., allele) frequencies are shown in Table III, and
the sequence four-variant pattern haplotype frequen-
cies are shown in Table IV. Comparing the frequencies of
each of these 31 n-marker haplotypes between controls
and any one of the seven case groups, we found some
nominal differences in EAs; exact P values less than
0.05 are shown in Table V. In EAs, there is a significant
difference in the eight-variant haplotype frequency
distribution between controls and the total case group
(P=0.0207 < 0.05, see Table II). Among the diagnostic
subgroups, there is a significant difference in the eight-
variant haplotype frequency distribution only between
controls and the “alcohol + opioid” group (P =0.0036,
Table II), which remains significant even after Bonfer-
roni correction (o =0.05/7=0.0071). There are nominal
differences between controls and the “alcohol + opioid”
dependent group in the frequency distributions of all of
the n-marker haplotypes that contain the marker
—2044C/A (minimal P=0.0013, see Table V). However,
because 217 (=31 x 7) comparisons were performed, a
threshold of 0.00023 (x~0.05/217) should be used to
identify statistical significance. No P values in Table V
reach this corrected threshold. However, it should be
noted that the Bonferroni correction is only an estimate
and that it may yield too low an o level, making it overly
conservative. To provide a valid test of the association,

TABLE IV. Distributions of Haplotype Frequencies of Four-Variant Pattern of OPRM1 in Our EA,
AA Subjects, and AA Subjects in the Study by Hoehe et al. [2000]

Present study

Hoehe et al. [2000]

Controls Cases (total) Controls® Op/Cocb

Pattern haplotype f N f N f N f N
AA

FL1*F11** 0.918 101 0.927 230 0.986 69 0.901 247

*¥12¥11%* 0.000 0 0.000 0 0.000 0 0.004 1

*12%22%* 0.000 0 0.000 0 0.000 0 0.007 2

*Q2* Q2 0.082 9 0.073 18 0.014 1 0.088 24

Total 1.000 110 1.000 248 1.000 70 1.000 274
EA

FL1*11%* 1.000 358 0.998 635

*Q2¥ Q2% ¥ 0.000 0 0.002 1

Total 1.000 358 1.000 636

EA: European-American; AA: African-American; Op: opioid dependence; Coc: cocaine dependence; Alc: alcohol
dependence; f: frequencies; N: number of chromosomes. P* = 0.091, when the haplotype frequencies were compared
with our AA controls; P®=0.147 (T1) or 0.020 (T2), when the overall haplotype frequency were compared with
controls in the study by Hoehe et al. [2000] using CLUMP. P°=0.024, when the haplotypes “1222 + 2222”
frequency was compared with controls in the study by Hoehe et al. [2000] using Fisher’s exact test. When
comparing the distribution of pattern frequencies between our EA and AA controls, P =2 x 10~%. In each haplotype
above, “1” designates the common allele, “2” designates the variant allele, and “*” designates any allele in the
corresponding position as Table II. This four-variant pattern is defined by [—1793T/A, —1699insT, —1320A/G,

—111C/T1.
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TABLE V. Different n-Marker Haplotype Frequency
Distributions Between Controls and “Alcohol + Opioid”
Dependent Subgroups in EAs

Haplotypes® Exact P-values®
1 0.0017
I-1I 0.0017
I-II1 0.0032
I-1v 0.0017
I-v 0.0013
I-1I-111 0.0032
I-II-1vV 0.0017
I-11-v 0.0013
I-TII-1IV 0.0028
I-II1-V 0.0024
I-Iv-v 0.0022
I-TI-III-1IV 0.0028
I-II-111-V 0.0024
I-1I-IV-V 0.0022
I-TII-1IV-V 0.0036
I-II-1TI-IV-V 0.0036

n-Marker: n is 1-5. Markers I-V, same as Table III. (Note: “IL,” as noted
elsewhere, refers to a four-marker pattern.)

There were a total of 31 haplotypes (= C§ + CZ + CZ + Cj + C2) compared,
but only those 16 with the P values less than 0.05 listed.

"The exact P values were calculated by Fisher’s exact test or computed via
permutation by CLUMP software (T1 statistic, 10,000 simulations). The
empirical P value adjusted by Monte Carlo simulation test is 0.0250 for
overall haplotype frequency distribution comparison.

we performed 10,000 simulations to obtain a more exact
empirical P value for the comparisons of the frequencies
of the 31 haplotypes between controls and all case
groups. The empirical P value adjusted by Monte Carlo
simulation test is 0.0250 in EAs. In contrast, among
AAs, there is no significant difference in the haplotype
frequency distributions between controls and any one
of the case subgroups (Table II). The empirical P value
adjusted by the Monte Carlo simulation test is 0.3332
in AAs.

Distributions of allele frequencies of eight variants of
OPRM1 in EA and AA subjects are shown in Table III.
Compared with controls, the frequency of allele —2044A
is nominally higher in the total case group in EAs
(P=0.039), but it does not reach Bonferroni-corrected
statistical significance (o=0.05/5=0.01). Among the
seven diagnostic subgroups, only the frequency of the
—2044A allele in EA patients with alcohol + opioid
dependence was nominally higher than that in controls
(P =0.0017), but it did not reach Bonferroni-corrected
statistical significance, either [oo=0.05/(5 x 7) = 0.0015].

The comparative distributions of haplotype frequen-
cies of this four-variant pattern found in the present
study and in a recent study by Hoehe et al. [2000] are
shown in Table IV. The variant haplotype of this pattern
was reported by Hoehe et al. [2000] to be positively
associated with opioid/cocaine dependence, but the pat-
ternin the present study is not associated with any of the
seven substance dependence classifications.

Distributions of eight-variant genotype frequencies in
EAs and AAs were also examined (data not shown). All
observed genotype frequencies in all subgroups were
in Hardy-Weinberg equilibrium. When compared with
controls, the only nominal difference in the genotype
frequency distribution was found in the “alcohol +

opioid” subgroup in EAs, when using either the CLUMP
program (P=0.0410) or logistic regression analysis
(diagnosis as the dependent variable, age, sex, and
genotypes as the independent variables; P =0.0150 for
contribution of genotype with —2044A to diagnosis of
“alcohol + opioid”). We did not find any suggestion of a
genotype effect distinct from haplotype effects.

When we compared the distribution of eight-variant
haplotype frequencies or genotype frequencies between
EA and AA controls, we observed a highly significant
difference (P=1x10"% and P=3x10"°, respectively).
When we compared the allele frequencies between
EA and AA controls, there were significantly lower
allele frequencies of —1793A, —1699T, —1320G, —111T,
and +17T and a significantly higher allele frequency
of +118G in EA (P_1793=P_1699=P_1320=P_111=
2x1075, P,17;=9%x10"7 and P,;15=8x10"*, respec-
tively). Comparison of the distribution of sequence
pattern frequencies between the EA and AA controls
revealed a highly significant difference (P=2x107°).
There was also a trend level difference in the distribu-
tion of the haplotype frequencies of this pattern in the
AA normal controls between the present study and the
recent study by Hoehe et al. [2000] (P=0.091). There-
fore, it is critical to match cases and controls in terms of
ethnic background in genetic association studies, and
association results will be strengthened from analyses
that are robust to population stratification, for example,
family-based association studies and genomic control
methods.

As seen in Table II, we also found that +17C/T is in
strong LD with this above four-variant characteristic
pattern. When this four-variant pattern is in variant
type (i.e., 2222), the +17C/T is in variant type in all
subjects also, but when +17C/T is in variant type, not
all the four-variant patterns are in variant type. Within
the heterozygous haplotypes, the other two variants,
i.e., —2044A and —1469C, and this four-variant pattern
(i.e., —1793A+ —1699T + — 1320G + — 111T) are com-
plementary, i.e., they were never observed on the same
chromosome.

DISCUSSION

We demonstrated highly significant differences in the
total distribution of allele, haplotype, and genotype
frequencies of the eight variants or the four-variant
pattern between EA and AA controls (P=10"3-10"%),
consistent with our previous report that considered only
two of these variants in a smaller sample [Gelernter
et al., 1999]. The alleles of —1793A, —1699T, —1320G,
—111T, and +17T are more common in AA controls, but
the allele +118G is more common in EA controls. Among
the eight-variant haplotype frequency distributions, in
both populations studied, the haplotype 11111111 was
the most common, regardless of phenotype. The haplo-
type 12212222 was not observed in EA subjects, but was
seen rarely in AA subjects. Only two haplotypes of the
four-variant pattern, i.e., 1111 and 2222, were observed
in both EA and AA subjects, but 2222 is rare (<1%) in
EA subjects and common (>5%) in AA subjects. How-
ever, four haplotypes 1111, 1211, 1222, and 2222 were
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observed in AA subjects in the study by Hoehe et al.
[2000]. These differences between EAs and AAs indicate
that the allele, haplotype, and genotype frequency
distributions strongly associate with ethnicity, suggest-
ing that the LD between the markers studied and a
putative disease susceptibility variant at OPRM1 locus
may differ by population.

The interpretation of the significant result is based
on the assumption that the control group is fairly
representative for the cases, i.e., that it is sampled
from a similar population. We believe that this is a
reasonable assumption. The cases and controls were
sampled in the same geographic area, and indeed, for
most sub-phenotypes we studied, no differences in allele
or haplotype frequencies were observed, which further
supports the comparability of the samples.

Analysis of the eight-variant haplotypes shows that,
in the EA population, there is a significant difference in
the haplotype frequency distribution between the total
case group and the controls (P =0.0207, see Table II).
This difference is attributable to the “alcohol + opioid”
dependent diagnostic subgroup (P =0.0036, significant
after Bonferroni correction). This finding is robust
after excluding the potential confounding from age and
sex structures (P=0.005, logistic regression analysis,
significant after Bonferroni correction), suggesting that
there may be a true association between the haplotypes
at the OPRM1 locus and substance dependence. Further
analyses of allele, n-marker haplotype, and eight-
variant genotype frequency distributions show that this
difference is compatible with the interpretation that it
results from allele —2044A (P=0.0017, see Table III),
haplotypes with marker —2044C/A (P =0.0013-0.0037,
see Table V) and genotypes with —2044A (P=0.0150,
data not shown) in the “alcohol + opioid” subgroup,
although these differences all are nominal and do not
reach the Bonferroni-corrected statistical significance
threshold.

In the present study, some markers are dependent on
one another, for example, the marker IV (+17C/T) is in
strong LD with marker II (four-variant pattern); the 31
n-marker haplotypes overlap one another and are de-
pendent on one another too, for example, the n-marker
haplotypes are subsets of, not parallel to, (n—1)-marker
haplotypes. Therefore, simple Bonferroni correction
may be overly conservative to our data analysis and
may result in the loss of information. To preserve the
information, we used a Monte Carlo simulation test to
adjust an empirical P value for the 31 n-marker
haplotype analysis. We obtained an adjusted empirical
P value of 0.0250, which is more exact (and more
accurate) than that predicted by Bonferroni correction.
In addition, with 10,000 simulations, the standard error
for our estimate of statistical significance level is 0.0016
when the true significance level is 0.0250. Therefore,
these data support an association between haplotypes
with —2044A, including allele —2044A itself, and
susceptibility to substance dependence. A putative
functional variant at the OPRM1 locus that causes a
direct effect on the development of substance depen-
dence may thus cosegregate with allele —2044A or
haplotypes with —2044A.
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In the AA population, there were no differences in
allele, haplotype, or genotype frequency distributions
between cases and controls (see Tables II and III). The
adjusted empirical P value for the 31 n-marker haplo-
type analysis is 0.3332, via 10,000 simulations. These
negative findings indicate that there might be no biol-
ogical association or true genetic linkage between any of
these markers and substance dependence in this AA
population. One possible explanation for the lack of
association is that a putative functional OPRM1 poly-
morphism directly responsible for a phenotypic effect
@if it is not —2044A itself) may not cosegregate with
these markers in the AA population. Thus, the role of
OPRM1 in substance dependence, or at least the specific
associated allele(s), is population-specific. We cannot
exclude the possibility that the negative findings in AAs
may occur by chance due to insufficient statistical
power, because our AA sample size is small (55 controls;
62 cases).

+17C/T is a functional variant. Some haplotypes with
marker IV (+17C/T) were found to have associations
with substance dependence in EAs (see Table V). How-
ever, we observed that adding marker IV into any
haplotypes, for example, I-IV (P=0.0017), did not
increase the statistical significance over that observed
with marker I (—2044C/A) alone (P=0.0017, see
Table V). We also failed to find a statistically significant
frequency difference when comparing allele +17T alone
between cases and controls either in EAs or AAs
(Table III). These findings indicate that marker +17C/
T does not contribute to the statistical difference in
haplotype frequencies. That is, +17C/T may not really
associate with substance dependence (or may not be in
sufficient LD with the putative disease susceptibility
allele in our populations to be detected). However, since
the variant allele +17T is rare in our EAs (1.4% in
controls, 0.5% in cases), this negative finding may be due
to inadequate statistical power. A previous study on US
Caucasian population samples (n =100), Finnish sam-
ple (n=324), and American Indian population sample
(n=367) also found that +17T wasrare (1.5%) and failed
to find a significant frequency difference between
patients with drug abuse or alcohol dependence and
controls [Bergen et al., 1997]. In our previous study (in a
sample that is partially overlapping with the present
sample), we also found that +17T is rare in the EA
population (0.6%) and failed to find an association
between this polymorphism and substance dependence
[Gelernter et al., 1999]. Although +17T is more common
in AAs (17.9% in total) (Table III), we failed to find
significant allele, haplotype, or genotype frequency
differences at this marker between cases and controls
in the AA population, which is consistent with our
previous study [Gelernter et al., 1999] and the study by
Hoehe et al. [2000].

+118A/G is another functional variant, but +118A/G
also does not significantly add information to haplotypes
listed in Table V. We also did not find a statistically
significant difference at allele +118G between cases and
controls among either EAs or AAs (Table III). This ex-
tends our earlier report [Gelernter et al., 1999] through
an increase in sample size in EAs. Since the variant
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allele +118G is rare in AAs (2.5% in total subjects), we
cannot exclude inadequate statistical power as an
explanation for the lack of association. In the study by
Hoehe et al. [2000], +118G is also rare and does not
associate with substance dependence in the AA popula-
tion (4.0% in cases, 4.3% in controls), consistent with
the findings in the present study. The +118G allele is
more common in our EAs (12.2% in total). This negative
finding in EAs is consistent with several previous
studies. A previous study on US Caucasian population
samples, a Finnish sample, and an American Indian
population sample found that there was no difference
in +118A/G between patients with drug abuse or
alcohol dependence and controls [Bergen et al., 1997].
Another study of AAs, Caucasians, and native North
Americans identified five different SNPs including
+17C/T and +118A/G in the coding region of the opioid
receptor gene, but did not find the +118A/G variant
allele was present in a significantly different propor-
tion of non-opioid-dependent subjects when compared to
opioid-dependent subjects [Bond et al., 1998]. A study of
German individuals failed to detect any significant
association between +118A/G and alcohol dependence
[Sander et al., 1998]. We previously found no association
between +118A/G alleles and substance dependence in
populations of EA, AA, and Hispanics [Gelernter et al.,
1999]. An investigation of two German samples, includ-
ing a large case-control sample and family-controlled
samples of heroin-dependent and alcohol-dependent
subjects found no support for the hypothesis that the
+118A/G polymorphism is a particular risk factor for
either opioid or alcohol dependence [Franke et al., 2001].
In summary, a number of studies, including the present
study, suggest that the susceptibility allele for sub-
stance dependence is not in LD with marker +118A/G.
However, as described in Introduction, several studies
reported positive associations of the common allele
+118A or the variant allele +118G with substance
dependence in Hispanic, Caucasian, and Chinese popu-
lations. Because the sample size of the study on
Hispanics [Bond et al., 1998] was small (n =58 opioid-
dependent cases vs. n=9 controls) and our previous
study [Gelernter et al., 1999] did not confirm this result
in a somewhat larger Hispanic subsample, we conclude
that the positive finding in Hispanics [Bond et al., 1998]
probably represents a Type I error. In the study on the
mixed samples of Caucasians and non-Caucasians, the
positive finding could be due to population stratification
effects [Town et al., 1999]. A most recent study increased
the Caucasian sample size of this study by Town et al.
[1999] and found that there was a significant association
between substance dependence and the common allele,
+118A (P=0.004) [Schinka et al., 2002]. Due to the
strong associations in that study by Schinka et al. [2002]
between sex and age and diagnosis (cases vs. controls:
male, 97.8 vs. 48.1%; mean age, 46.9 vs. 72.8 years),
these could be confounding factors interfering with the
association between diagnosis and genotype. It is in
some cases necessary to test whether the association
between diagnosis and allele is robust after excluding
the confounding from sex and age using stratification
analysis or multivariate regression analysis. Alterna-

tively, the difference between the study by Schinka et al.
[2002] and the present study could be explained by
phenotypic heterogeneity. Their diagnostic subtypes
included dependence on alcohol, cigarettes, cocaine,
marijuana, and/or other illegal drugs, but we included
dependence on alcohol, cocaine, and/or opiates in the
present study. In contrast, the study on a Chinese
sample found the variant allele (+118G) to be a risk
factor for heroin dependence [Szeto et al., 2001]. If this
finding is correct, the difference between the study on
Chinese sample and the present study could be ex-
plained by population stratification effects as described
above. But it is still difficult to understand why sub-
stance dependence in different populations [Chinese:
Szeto et al., 2001; Caucasians: Schinka et al., 2002]
associates to different alleles, i.e., +118A and +118G,
which express different functional isoforms, Asn40 and
Asp40, with opposite phenotypic effects. In summary, in
view of the inconsistent data, we conclude that any effect
of +118A/G on susceptibility to substance dependence
remains to be established.

Interestingly, we found that the four sequence var-
iants [-1793T/A, —1699insT, —1320A/G, and —111C/T]
were in virtually complete LD and cosegregated in our
EAs and AAs. This four-variant pattern segregates like
a biallelic marker with only two haplotypes 1111 and
2222 i.e.,[—1793T, —1699 non-T, —1320A, —111C] and
[-1793A, —1699T, —1320G, —111T]. The frequency of
the variant type haplotype 2222 is extremely low in EA
subjects (0% in controls and 0.2% in cases), but more
common in AA subjects (8.2% in controls and 7.3%
in cases). We cannot find any evidence of association
between this sequence pattern and any of the seven
subtypes of substance dependence in either population
(see Tables IIT and IV). A similar LD pattern in AAs
was also reported by Hoehe et al. [2000], in which an
association with opioid/cocaine dependence in AAs was
reported. However, when we re-analyzed their data
using CLUMP (1,000 simulations) to directly compare
the 52 haplotype frequency distributions between cases
and controls, we obtained an exact P value of 0.522
(T1 statistic). In the original analyses in that study by
Hoehe et al. [2000], they divided the haplotypes into two
groups with cluster analysis, and then ran simulations
on the clustering process and got an adjusted P value
of 0.011. Actually, the haplotype clustering process is
performed essentially through collapsing some columns
together. Therefore, their simulation-adjusted P value
might not be stringent. Grouping these four haplotypes
into two clusters, i.e., 1111 + 1211 vs. 1222 + 2222, we
obtain a Pvalue of 0.024 (cases vs. controls, see Table IV),
but this P value is non-significant after correction due
to multiple tests (¢ =0.05/10 =0.005, in which 10 is the
number of possible combinations, i.e., C4'+ C42, to clas-
sify four haplotypes into two categories). Thus, the
positive result may have resulted in part from insuffi-
ciently corrected multiple statistical tests. Additionally,
the frequency of the 2222 pattern in the AA cases in that
study by Hoehe et al. [2000] is similar to that in the
present study (8.8 vs. 7.3%), but the frequency of that
pattern in their AA controls is lower than that in
the present study (1.4 vs. 8.2%) (see Table IV), which
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indicates that their nominally positive association may
result from the relatively lower frequency of the
haplotype in their controls, not from the relatively
higher frequency in their cases. Possible explanations
for the low haplotype frequency in their controls might
be due to chance sampling, given the small number of
controls (n = 35). Data for the other 21 AA cases and 16
AA controls in that study by Hoehe et al. [2000] were not
available from the original paper, so it is difficult to
compare them with our findings. Though the small size
of the AA control sample was, clearly, a limitation for
the present study as well (n=55), we preliminarily
conclude that this four-variant sequence pattern might
not play a major role in the susceptibility to AA
substance dependence (see Table IV).

Additionally, we demonstrated that in a range of
samples of different population origin and phenotype,
four of the variants always occur together ([—1793T/A,
—1699insT, —1320A/G] and the 5-UTR [-111C/T]);
there might be exceptions if studied in a larger sam-
ple; however, our cumulative sample is already quite
large. Almost all of the information is, therefore,
obtainable by studying only one of these variants.
Therefore, future studies should focus on a single one
of these four.

In summary, we conclude that allele —2044A (and
haplotypes that include —2044A) may be a susceptibility
allele (or susceptibility haplotypes) for the combination
of alcohol and opioid dependence in EAs. This associa-
tion suggests a population- and diagnosis-specific role of
OPRM1 in the pathophysiology of substance depen-
dence. We propose that study of possibly functional
correlates of this variant is warranted.
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