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Abstract

The p-opioid receptor mediates rewarding effects of alcohol and illicit drugs. We hypothesized
that altered DNA methylation in the p-opioid receptor gene (OPRMI) might influence the
vulnerability to alcohol dependence (AD). Genomic DNA was extracted from the peripheral blood
of 125 European Americans with AD and 69 screened European American controls. Methylation
levels of 16 CpGs in the OPRM1 promoter region were examined by bisulfite sequencing analysis.
A multivariate analysis of covariance was conducted to analyze AD-associated methylation
changes in the OPRM1 promoter region, using days of intoxication in the past 30 days, sex, age,
ancestry proportion and childhood adversity (CA) as covariates. Three CpGs (80, 71, and 10 bp
upstream of the OPRM1 translation start site) were more highly methylated in AD cases than in
controls (CpG-80: £=0.033; CpG-71: P=0.004; CpG-10: £=10.008). Although these sites were
not significant after correction for multiple comparisons, the overall methylation level of the 16
CpGs was significantly higher in AD cases (13.6%) than in controls (10.6%) (£ = 0.049). Sex and
CA did not significantly influence OPRMI promoter methylation levels. Our findings suggest that
OPRM1 promoter hypermethylation may increase the risk for AD and other substance dependence
disorders.
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INTRODUCTION

Alcohol dependence (AD) occurs commonly in the population. The lifetime prevalence of
AD in the US population was estimated to be 13.3%.12 AD is a heterogeneous and complex
disorder, risk for which involves effects of multiple genes and environmental factors.3 Twin
and adoption studies have yielded heritability estimates for the disorder of 50-80%.4°
Despite its high heritability, much of the individual difference in liability to AD is
attributable to the effects of environment.

Environmental effects on complex disorders such as AD may be mediated in part by
epigenetic mechanisms (for example, DNA methylation and histone modification) that alter
gene expression without changing DNA sequence. Epigenetic modification is essential to
cellular development and differentiation, and to the adaptation to environmental changes.®’
Epigenetic modification may also produce long-lasting changes in gene expression with a
range of phenotypic outcomes, and could, for example, lead to increased vulnerability to AD
and other disorders. A study by Bonsch et a/8 showed a higher peripheral blood DNA
methylation level in the a-synuclein gene in AD patients than in healthy controls. Following
this finding, studies using peripheral blood (or lymphoblastoid cell lines derived from
peripheral blood lymphocytes) showed that several other genes, including the monoamine
oxidase A gene,? the serotonin transporter gene,10 the A-methyl-o-aspartate 2b receptor
subunit gene,!! and the proopiomelanocortin genel? were more highly methylated in
patients with AD than in control subjects. Of interest, an inverse correlation between
promoter DNA methylation levels and gene expression levels has been observed. For
example, Bonsch et a/13 showed that genomic DNA hypermethylation was associated with
a lower expression of the DNA methyltransferase gene in patients with AD. Similarly,
hypermethylation of the promoter region of the homocysteine-induced endoplasmic
reticulum protein gene was associated with downregulation of homocysteine-induced
endoplasmic reticulum protein gene expression in patients with AD.14

The p-opioid receptor gene (OPRMI) is a candidate gene involved in the reward pathway of
alcohol or drugs of abuse and may exhibit altered DNA methylation levels in patients with
alcohol or drug dependence. Naltrexone, an opioid receptor antagonist, is approved in a
number of countries for the treatment of AD.15-17 Variation in OPRMI moderated
naltrexone treatment response in alcoholic individuals in some, 181 but not all studies.2?
Furthermore, while some genetic association studies have demonstrated that OPRM1
variation influences the susceptibility to AD,2122 others have not.23 As the methylation state
of a gene (especially in the promoter region) is a mechanism by which genetic diversity
could influence gene expression and function, OPRM could, like the above-mentioned
genes, also had altered DNA methylation levels in patients with AD. If so, this could reflect
a pathophysiological mechanism in which the expression and function of the p.-opioid
receptor are altered after chronic alcohol use, leading it to be more or less sensitive to
endogenous opioids and opioid antagonists such as naltrexone.

Nielsen et a/?* investigated methylation profiles of 16 CpGs in the OPRMJ promoter region
in methadone-maintained former heroin addicts and healthy controls. Different DNA
methylation patterns were observed between former heroin addicts and controls. Two CpGs,
one 18 bp upstream of the OPRM! translation start site (TSS) (coded as CpG-18) and
another 84 bp downstream of the OPRMI1 TSS (coded as CpG + 84), showed increased
methylation levels relative to the CpG profiles of controls. Moreover, a recent study also
showed hypermethylation of OPRM1 promoter CpGs in blood and sperm from male opioid
addicts.2> Although opioid addiction is distinct from AD, a high co-occurrence of AD and
opioid dependence has been reported.26:27 Thus, genetic variation or epigenetic modification
of OPRM1 may have an overlapping role in both disorders. Considering the previous
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findings, we hypothesized that hypermethylation of OPRMI would be observable in
subjects with AD. The present study was undertaken to investigate whether there are
increased DNA methylation levels in the promoter region of OPRMI in AD patients.
Additionally, the influence of sex, childhood adversity (CA) and comorbid drug dependence
on OPRM!1 promoter methylation was also analyzed. As brain tissue is not easily accessible,
we used genomic DNA from peripheral blood to conduct this study. Support for our
hypothesis would be important for the potential utility of the peripheral lymphocyte DNA
methylation level as a biomarker for AD.

SUBJECTS AND METHODS
Study subjects

As shown in Table 1, 125 European Americans with AD (81 or 64.8% male) and 69
European American healthy controls (34 or 49.3% male) were recruited from substance
abuse treatment centers and through advertisements at the University of Connecticut Health
Center (= 87), Yale University (7=53), and the Medical University of South Carolina (7=
54). Among the affected subjects, the following drug dependence comorbidities were
observed: 45 (36.0%) were diagnosed with cocaine dependence, 14 (11.2%) were diagnosed
with opioid dependence, and 31 (24.8%) were diagnosed with marijuana dependence. Cases
and controls were 41+13 (meanzs.d.) and 39+15 (meanzs.d.) years old, respectively.
Subjects were interviewed using an electronic version of the Semi-Structured Assessment
for Drug Dependence and Alcoholism?8 to derive lifetime diagnoses for AD according to
the criteria of the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-
IV). Controls were screened to exclude those with alcohol or drug (for example, cocaine,
opioid, marijuana) abuse or dependence. Both case and control subjects were screened to
exclude individuals with a psychatic disorder (schizophrenia or bipolar disorder) or a major
depressive disorder. Additionally, all participants were asked whether, by age 13, they had
witnessed or experienced violent crimes such as shooting or rape or been sexually or
physically abused, or by age six, either of their parents had died. Endorsement of any of
these adverse childhood experiences was coded as positive for exposure to CA. Forty-six
cases (36.8%) and six controls (8.7%) were exposed to CA. Subjects gave informed consent
as approved by the institutional review board at each clinical site, and certificates of
confidentiality were obtained from the National Institute on Drug Abuse and the National
Institute on Alcohol Abuse and Alcoholism.

Genomic DNA extraction and bisulfite modification

Genomic DNA was extracted from peripheral blood. Two hundred nanograms of genomic
DNA was treated with the CT Conversion reagent included in the EZ DNA Methylation-
Gold Kit (Zymo Research, Orange, CA, USA) according to the manufacturer's protocol. The
final bisulfite-treated genomic DNA was eluted from the Zymo-Spin IC Column (Zymo
Research) in 20 I of M-Elution buffer.

Bisulfite DNA sequencing

The PCR primers (F1: 5'-TTTTTTTTTGTTTTAGTTAGG-3"; R1: 5'-
CAAATTACCATCTAAATAAA-3") and nested PCR primers (F2: 5’-
TGTAAGAAATAGTAGGAGTTGTGGTAG-3'; R2: 5'-
AATAAAACAAATTAACCCAAAAACC-3") to amplify the promoter region of OPRM1
(harboring 16 CpG sites located at nucleotides —93, —90, —80, =71, —60, —-50, and —32, —25,
-18, =14, -10, + 12, + 23, + 27, +53 and 84 (the minus symbol identifies the CpG sites
located in the upstream of the TSS and the plus symbol identifies the CpG sites located in
the downstream of the TSS)) were the same as those described by Nielsen et a/2* The
conditions for PCRs and nested PCRs were similar to those described by Nielsen er al,?*
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except that we used the PfuUltrall Fusion HS DNA Polymerase (Stratagene, Santa Clara,
CA, USA) and a reaction volume of 20 pl. The primer information and CpG locations are
illustrated in Figure 1.

Nested PCR products (5 pl) were mixed with 2 pl of EXoSAP-IT (USB Corp., Cleveland,
OH, USA) and incubated at 37 °C for 15 min to degrade remaining primers and nucleotides.
To inactivate EXoSAP-IT, the mixture was incubated at 80 °C for 15 min. We subjected 3.5
pl of ExoSAP-IT-treated PCR products to direct sequencing using either the nested PCR
forward or reverse primers as sequencing primers. Sequence analysis was carried out on a
48-capillary 3730 DNA Analyzer (Applied Biosystems, Carlsbad, CA, USA) at the Yale
core facility (The Keck Biotechnology Resource Laboratory, New Haven, CT, USA). The
sequencing reaction used fluorescently-labeled dideoxynucleotides included in the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and the PfuUltra 1l Fusion HS
DNA Polymerase (Stratagene). The sequencing experiment was conducted according to the
manufacturer's instructions.

DNA methylation quantification

Sequencing results were in ABI trace file format, which contained information on the peak
height of each base. The ABIl.pm module of BioPerl version 1.5.229 (http:/
www.hioperl.org) was used to extract the peak height of cytosine (C) (representing the
proportion of methylated base C) and thymine (T) (representing the proportion of
unmethylated base C) at each CpG site from the electropherogram file. The percentage of
DNA methylation was calculated as the peak height of base C vs the peak height of base C
plus the peak height of base T (that is, C/(C+T)%).39 As one OPRM1 promoter CpG site
(CpG-50) was also included in the Illumina GoldenGate methylation array (probe ID for
CpG-50: cg13887561) (lllumina, San Diego, CA, USA) designed for our recent study3! and
95 samples were determined by both the methods (bisulfate sequencing in this study and
methylation array-based assay in our previous study), we were able to validate our bisulfate
sequencing-based DNA methylation measurements. At this CpG site (CpG-50), the degree
of methylation determined by each method was moderately, but significantly correlated
(Pearson's correlation coefficient=0.402, A<0.001), suggesting that the current
measurements were accurate.

Statistical and bioinformatics analysis

RESULTS

Methylation levels of 16 CpG sites in the promoter region of OPRM1 were compared
between AD cases and healthy controls using the general linear model multivariate analysis
of covariance incorporated in the SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The
number of days of intoxication in the past 30 days, sex, age, ancestry proportion, and CA
were included as covariates. The European ancestry proportion of each subject was
estimated by examining a set of ancestry informative markers as described in our previous
study.32 Additionally, the influence of sex, CA and comorbid drug dependence on OPRM1
promoter methylation levels was also analyzed using multivariate analysis of covariance.
Bonferroni correction was used to adjust the P-values (the ~value for significance was set at
0.05/16=0.003, for comparison of methylation levels of 16 CpGs between cases and
controls).

OPRM1 promoter methylation differences between all AD cases and controls

Three CpG sites (CpG-80, CpG-71 and CpG-10) had significantly higher methylation levels
in all AD cases (meanzs.e.m. (%): 27.6+2.0, 24.3+£1.7 and 14.2+1.0, respectively) than in
healthy controls (meants.e.m. (%): 19.9+2.8, 15.7+2.3 and 9.3+1.4, respectively) (CpG-80:
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P=0.033; CpG-71: P=0.004; CpG-10: P=0.008) (Figure 2). Although the P-values from
these three CpGs did not survive multiple testing corrections, the overall methylation level
of the 16 OPRM1 CpGs was significantly higher in all AD cases (meants.e.m. (%):
13.6£0.9) than in healthy controls (meanzs.e.m. (%): 10.6£1.2) (P=0.049) (Supplementary
Table S1).

OPRM1 promoter methylation differences between AD-only cases and controls

When cases with only AD (that is, without comorbid cocaine dependence, opioid
dependence or marijuana dependence) were considered, two of the above three CpGs were
hypermethylated in cases compared with controls (CpG-71: £=0.005; CpG-10: £=0.013)
(Figure 3 and Supplementary Table S2). The P-values did not survive correction for multiple
testing.

Association of comorbid drug dependence and OPRM1 promoter methylation

Methylation levels of 16 OPRM1 promoter CpGs were compared between AD cases with
comorbid drug dependence and healthy controls. One CpG was hypermethylated in AD
cases with comorbid cocaine dependence (CpG-10: £=0.024) (Supplementary Table S3),
three CpGs were hypermethylated in AD cases with comorbid opioid dependence (CpG-80:
P=0.002; CpG-71: P=0.033; CpG-60: P=0.033) (Supplementary Table S4), and two CpGs
were hypermethylated in AD cases with comorbid marijuana dependence (CpG-71:
P=0.017; CpG-10: P=0.032) (Supplementary Table S5) compared with healthy controls. The
P-values did not survive correction for multiple testing.

Influence of sex and CA on OPRM1 promoter methylation

No significant differences in methylation levels of 16 OPRMI promoter CpGs were
observed between males and females in either cases or controls (Supplementary Figure S1).
Although there were significantly more AD cases with CA (36.8%) than healthy controls
with CA (8.7%) (x?=16.50, df=1, P<0.001) (Table 1), CA did not show a striking effect on
OPRM!1 promoter methylation in either AD cases (except CpG-60, but the P-value (0.046)
from CpG-60 did not survive multiple testing corrections) or healthy controls
(Supplementary Figure S2).

DISCUSSION

Dependence on alcohol and drugs of abuse has a moderate to high heritability component.33
In addition to variation in base sequence, epigenetic modification of chromosomes may also
be associated with substance dependence. The present study demonstrated that there was a
significantly higher DNA methylation of the OPRM1 promoter region in AD cases than in
healthy controls. In particular, hypermethylation of two closely mapped CpGs (CpG-80 and
CpG-71) and one additional CpG (CpG-10) (all in the upstream of the TSS) was observed in
AD cases (Figure 2). Moreover, alcohol or drug dependence may influence methylation
levels of OPRM1 promoter CpGs in either a common or specific way. Altered methylation
of certain OPRM1 promoter CpGs may be associated with a specific substance dependence
trait while other OPRM1 promoter CpGs may show changed methylation in subjects with
different substance dependence traits. The two CpG sites (CpG-18 and CpG+84) that were
found to be hypermethylated in former heroin addicts?* did not show significant methylation
differences between AD cases and controls in the present study. Nevertheless, three closely
mapped CpGs (CpG-80, CpG-71 and CpG-60) in the OPRMI promoter were
hypermethylated in cases with comorbid AD and opioid dependence compared with
controls. Presumably, hypermethylation of these CpGs located in the OPRM1 promoter may
block the binding of transcription factors, resulting in lowered transcription of OPRM1and
increased risk for substance dependence disorders.
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There are two possible interpretations for DNA hypermethylation in subjects with alcohol
and/or drug dependence. First, greater DNA methylation may predispose to the development
of AD and may have arisen before alcohol consumption and/or drug use. Epigenetic changes
(including DNA methylation) accumulate dynamically in the genome during the course of
life (especially at specific stages of life).34 As epigenetic modifications, like gene variation,
can regulate gene transcription, one possible consequence of such changes could be to
increase an individual's vulnerability to alcohol and/or drug dependence. Possible
moderators of gene methylation are social bonding and early-life stress—both are known to
affect opioid neurochemistry and later behavior.3> However, the present study did not show
significant effects of CA on OPRM1 promoter methylation. This may be due to the limited
sample size. A second possibility is that the greater DNA methylation is the consequence of
long-term heavy drinking. DNA methylation depends upon the availability of a methyl
group from S-adenosylmethionine. S-adenosylmethionine is derived from methionine,
which is synthesized through the methylation of homocysteine.3¢ Chronic alcohol intake has
been associated with elevated homocysteine plasma concentrations.3” Thus, alcohol
drinking or nutrition deficiency may result in altered DNA methylation levels of specific
genes such as OPRM1. Additionally, changed DNA methylation levels may result from
neuroadaptation to chronic alcohol consumption. Although several research groups have
now observed an association between DNA methylation and alcohol and/or drug
dependence, differentiating DNA methylation as a predisposing factor from that which is a
consequence of alcohol and/or drug use requires further research.

The present study has a number of limitations. First, the sample size was comparatively
small. Second, we only included subjects from the European American population. Given
the fact that DNA methylation status may vary by populations, subsequent studies should
examine methylation patterns in alcoholics from other populations. Third, we considered
DNA methylation differences in only one gene. As AD is a complex disorder, DNA
methylation levels of a number of other genes participating in either alcohol metabolism or
brain reward pathways should be analyzed. Ideally, the association of DNA methylation and
AD would be analyzed at a genome-wide level. Finally, we did not examine OPRM1
expression levels in blood samples because they were collected years earlier and were
unavailable for RNA extraction. We were not able to directly analyze the correlation
between DNA methylation and OPRM1 expression in peripheral blood cells. Most recently,
we measured OPRM1 expression levels in postmortem human-brain prefrontal cortex
tissues (Brod-mann area 9) in 23 pairs of cases (affected with AD or abuse) and controls of
European ancestry (cases and controls were matched by sex, age, postmortem intervals and
alcohol consumption amounts, and so on.) using the HumanHT-12 v4 Expression BeadChip
assay (Illumina). No significant differences in brain prefrontal cortex OPRM1 expression
levels were observed between cases and controls (data not shown). The negative finding
may be due to (1) the small sample studied, or (2) tissue-specific methylation/expression of
OPRM]I. Future studies should also examine AD-associated OPRM1 expression levels in
other brain reward regions such as the nucleus accumbens and the ventral tegmental area.

Identification of epigenetic marks (for example, methylated CpG sites in genes) can help to
understand both the genetic and epigenetic mechanisms of AD, as well as a variety of other
diseases. Importantly, dietary or pharmacological interventions may be used to treat AD and
other disorders by modifying epigenetic marks. Additionally, changes in such marks may be
useful biomarkers for treatment responses. Current findings suggest that more in-depth
research combining genetic and epigenetic approaches could be a powerful means to
identify both genetic and environmental risk factors for complex disorders. Importantly,
studies that simultaneously examine peripheral and brain gene methylation are crucial for
understanding the relevance of this work to behavior and treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

OPRM1 promoter DNA sequence and CpG sites. (a) Locations of 16 OPRM1 promoter
CpG sites. (b) OPRM1 promoter CpG sites are numbered as the distance (in bases) upstream
("=") or downstream ("+") of the first base ("A") of the translation start site "ATG'. Sequences
of forward and reverse primers (F1, F2, R1 and R2) for polymerase chain reactions are
indicated in the figure. A full color version of this figure is available at the Journal of
Human Genetics journal online.

J Hum Genet. Author manuscript; available in PMC 2013 April 01.



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

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 11

70 71 DcControls (n=69)
60 - WAIIAD cases (n=125) P=0.106

Individual CpG methylation level (%)
(Mean+SEM)

P TR O T P S U S -
<.°(° j‘ (.Q{’ d'u d§° LQG (.é’ d‘@ »:?b‘ (96 LQG d‘c’ c,QG‘ dle cg «

16 OPRM]I promoter CpGs

Figure2.

Methylation differences of 16 OPRM1 promoter CpGs between all alcohol dependent cases
and healthy controls. The association between alcohol dependence (AD) and OPRM!1
promoter CpG methylation was analyzed using the multivariate analysis of covariance with
sex, age, ancestry proportion and childhood adversity as covariates. X-axis: 16 OPRM1
promoter CpG sites; Y-axis: Individual CpG methylation level (meanzs.e.m.), and black
bars denote all cases with AD (7=125) and gray bars denote control subjects (17 = 69).
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Figure 3.

Methylation differences of 16 OPRM1 promoter CpGs between cases with only alcohol
dependence (AD) and healthy controls. The association between AD and OPRM1 promoter
CpG methylation was analyzed using the multivariate analysis of covariance with sex, age,
ancestry proportion and childhood adversity as covariates. X-axis: 16 OPRMI promoter
CpG sites; Y-axis: Individual CpG methylation level (meanzs.e.m.), and black bars denote
cases with only AD (7= 61) and gray bars denote control subjects (/7= 69).
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Table 1

Characteristics of European American cases and controls

Caseswith AD (n=125)  Controls(n = 69)

AD only, 7 (%) 61 (48.8%) 0 (0%)
AD + CD, 1 (%) 45 (36.0%) 0 (0%)
AD + 0D, (%) 14 (11.2%) 0 (0%)
AD + MjD, 1 (%) 31 (24.8%) 0 (0%)
Days of intoxication in the past 30 days (mean +s.d.) 5+ 7, t=-4.36, /<0.001 1+3
Years of intoxication lifetime (mean +s.d.) 12 + 9, t=-10.06, /~<0.001 0+1
Sex, male (%) 81 (64.8%) 34 (49.3%)
Age (meantts.d.) 41+13 39+15
AD cases with comorbid CD 45 (36.0%) 0 (0%)
AD cases with comorbid OD 14 (11.2%) 0 (0%)
AD cases with comorbid MjD 31 (24.8%) 0 (0%)
Childhood adversity (CA) 46 (36.8%) 6 (8.7%)

Abbreviations: AD, alcohol dependence; CD, cocaine dependence; MjD, marijuana dependence; OD, opioid dependence; AD + CD, AD with
comorbid cocaine dependence; AD + OD, AD with comorbid opioid dependence; AD+ MjD, AD with comorbid marijuana dependence.
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