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Abstract

Objective—The OPRM1 gene was studied for DNA methylation in opioid dependence and
possible paternal contribution to epigenetic inheritance of altered methylation profiles.

Participants and methods—DNA was extracted from blood and sperm from 13 male opioid
addicts and 21 male control subjects. DNA methylation was determined by pyrosequencing in 24
CpG sites at the OPRM1 promoter region.

Results—The authors found significantly increased overall methylation in blood DNA from
addicted subjects (Kruskal-Wallis [K-W] p = 0.013) Seven CpG sites showed significantly
hypermethylated blood DNA from cases when compared with blood DNA controls (p < 0.05 at
CpGs5, 9, 10, 11, 18, 23, and 24). In sperm-derived DNA from addicts, the methylation was
significantly increased at CpG 2 (p = 0.012), and overall methylation did not reach significant
difference ( K-W p = 0.523).

Conclusions—Increased DNA methylation in the OPRM1 gene is associated with opioid
dependence. Hypermethylated CpG sites located in OPRM1 promoter may potentially block the
binding of Sp1 and other transcription activators, thus leading to OPRM1 silencing. The increased
DNA methylation in sperm may suggest a way of epigenetic heritability of opioid abuse or
dependence phenotypes.
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INTRODUCTION

Genetic components play an important role in the drug abuse vulnerability, as evident from
previous adoption, familial, and twin studies.22 However, the incomplete heritability of
addiction indicates that the prevalence of opioid dependence cannot be explained by
genetics alone. Environmental factors can interact with genomes and modify DNA structure,
and the resulting phenotypic effects may be inherited by the offspring through epigenetic
transmission of parental behavior.3# There are records for nonheritable influences in the
biology of addiction; however, still there is no undeniable confirmation for any major
factors of overall heritable epigenetic control.®

There are three opioid receptor genes, OPRM1, OPRD1, and OPRK1, encoding the y-, 6-,
and k-receptors. The p-opioicl receptor (u-1) is the primary target for many opioids,
including morphine, heroin, fentanyl, and methadone. As such, the OPRM1 gene (HGNC:
8156) has been the focus of much research in the etiology of opioid abuse and dependence.
Connection between transcription regulation of genes and the level of DNA methylation of
their promoters® has been established, and a number of epigenetic mechanisms for the
methylation-induced gene repression have been proposed. Methylation of DNA is involved
in transcriptional silencing of genes, regulation of expression of imprinted genes, histone
modification and silencing of tumor suppressor genes, and silencing of genes located on the
inactive X chromosome.” CpG islands are regions rich in cytosineguanine dinucleotides, in
which the cytosine is more susceptible to methylation. Throughout the genome, the majority
of CpG dinucleotides that are outside of CpG islands are mostly methylated. In normal cells,
this methylation may be a way to maintain the transcriptional inactivity of noncoding DNA.8
About 60 percent of human genes' promoters include CpG islands,® and the p-1 opioid
receptor gene (OPRMI) falls in this class.

Recent study found significantly increased lymphocyte DNA methylation in the 5/
regulatory region of the u-1 gene in methadone-maintained former heroin addicts when
compared with controls.1? These findings are especially salient given that the implicated
CpG sites are positioned within potential binding sites for Sp1 activator, which is a
transcription factor that can activate or repress transcription in response to physiological and
pathological stimuli, thus affecting gene expression. Follow-up analyses of this region have
also demonstrated ethnic differences in DNA methylation,1! and previous reports have
associated hypermethylation of OPRM1 promoter region to reduced mRNA gene expression
in mouse P19 cells.1?

At the same time, the adverse effects of opioids, especially the aforementioned -1 receptor
agonises, on reproductive physiology have been revealed. Significant reduction of
spermatozoid motility is observed following incubation with morphine (but not in the
presence of naloxone, a -1 antagonist), suggesting a possible role of p-1 agonists in
regulation of sperm functioning.13 These findings are consistent with earlier animal studies,
which showed that chronic opioid administration adversely affected male rat fertility and
produced a number of deficits in their offspring,14 and it also dramatically reduced the size
and secretory activity of the rat's secondary sex organs.1> As methylation of DNA during
genesis and development of parental gametes has a key role on this process, analyses of
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gametic DNA methylation or sex-specific patterns of transmission can supply evidence for
heritable epigenetic features. Given that elevated levels of DNA methylation are observed at
numerous regions in poor quality sperm,16 environmentally induced imperfect
reprogramming of the male gametic line might theoretically alter spermatogenesis and affect
sperm DNA methylation and, hence, lead to possible epigenetic inheritance.

In this study, we replicate in an independent sample the findings that hypermethylation of
blood DNA in the OPRM1 promoter region is associated with opioid addiction1? and
examine whether these effects are also observed in sperm DNA from case subjects.

SUBJECTS AND METHODS

This study was conducted with the approval of Human Research Protection Office at the
Washington University Medical School, and informed consent was obtained from all
participating subjects. Cases were recruited through advertisements at drug treatment centers
in the Saint Louis metropolitan area. VVolunteers seeking treatment for addiction to heroin,
methadone, and/or other prescription opioids called an informational number and came into
the institution's offices to be screened, and those meeting the Diagnostic and Statistical
Manual of Mental Disorders (fourth edition, DSM-1V) criteria for opioid addiction, were
included in the study. Addiction is seldom treated for a single drug of abuse, and therefore,
blood or urine testing was not performed to identify the specific opioid drug with
preciseness. Following informed consent, addicts were administered the Addiction Severity
Index (ASI),17 and they donated semen, blood, and/or saliva samples.

Control subjects were recruited from two sources: local key informants at the Washington
University, and sperm donors at the Reproductive Endocrinology and Infertility Clinic
(REIC). Local recruits were seen in the same manner as the experimental group, with
volunteers coming to the institution to be administered the ASI and donate samples. At the
REIC, following ASI analysis by clinic Staff, volunteers were asked to donate the remainder
of their semen samples after analyzed by the clinic, and an extra tube of blood for DNA
extraction. All identifying information was stripped from the samples, except for age and
ethnicity. The mean age was 29.3 years for controls and 42.5 years for the cases. DNA
samples from semen and venous blood from 13 male heroin addicts and 21 male control
subjects were analyzed as part of this study.

DNA was extracted using the QlAamp DNA Maxi Kit of QIAGEN (Geimantown, MD).
DNA aliquots were sent out to EpigenDx Inc. (Worcester, MA) for bisulfite conversion and
pyrosequencing methylation analysis. Two polymerase chain reaction (PCR) amplicons of
253 and 273 bp and six pyrosequencing assays were designed to cover 24 of the 33 CpG
sites in the OPRM1 promoter CpG island, spanning over 422 bp (Chr.6:
154360587-154361008; primer sequences available on request from EpigenDx Inc.).
Bisulfite modification was done using EZ Methylation kit of Zymo Research Corp. (Irvine,
CA), and 500 ng of sample DNA was used for bisulfite modification followed by the PCR
amplification . PCR reactions were performed with HotStar Taq Polymerase of QIAGEN,
using 3.0 uL (1 x) 10x PCR buffer (contains 15 pM MgCly), 1.8 uL (1.5 mM) MgCl,, 0.6
uL (200 uM of each) deoxyribonucleotide triphosphates, 0.6 pL (6 pmol) and 0.6 pL (6
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pmol) forward and reverse primers, 0.15 uL (0.75 U) HotStar Taq Polymerase, 3 puL of
bisulfite-treated DNA and were adjusted to 30 pL total reaction volume. PCR cycling
conditions were as follows: 95°C 5 minutes; 45 x 95°C 30 seconds; 56°C 30 seconds; 72°C
30 seconds); 72°C 5 minutes. Bisulfite modification, PCR, and pyrosequencing assays were
validated by mixing in vitro highly methylated and demethylated DNA control at different
ratios. Fourteen randomly picked samples were run in duplicates, blind to the performing
laboratory, to test for reproducibility and reliability of measurements. Assays were run on a
PSQ™ 96HS system (Biotage, Uppsala, Sweden). Initial data for the CpG island sequence
were extracted from the Human Feb. 2009 assembly (GRCh37/hg19).

Statistical analyses were performed using the Stata software (StataCorp LP, College Station,
TX). The analysis of DNA methylation measurements was done using the Kruskal-Wallis
(K-W) rank test, which is a nonparametric analog of a one-way ANOVA. Advantage of the
K-W test is that it does not assume the data are normally distributed. First, a screen test was
performed to assess group differences over the whole CpG island, and then on a single CpG
site basis with correction for multiple testing for a false discovery rate of 5 percent.18
However, this approach is known to be overly conservative when the outcomes of interest
are highly correlated (as is commonly the case for methylation levels assessed at closely
spaced CpG sites). Thus, we complemented this analysis with the linear discriminant
analysis (LDA) and the leave-one-out strategy for ascertaining classification errors. Because
of the expected issue of multicollinearity, these analyses are provided with both the lasso
and the ridge penalty adjustments.

Comparing the average levels of DNA methylation between cases and controls over the
whole CpG island, we found significant difference in blood DNA (K-W p = 0.013), while
the difference in sperm DNA did not reach statistical significance (K-W p = 0.523). At the
single CpG site level (Figure 1), the discriminant analysis confirmed the significant
hypermethylation at seven CpG sites (CpGs 5, 9, 10, 11, 18, 23, and 24) in blood DNA from
addicts, when compared with blood DNA from controls (p < 0.05; Table 1). In sperm-
derived DNA from addicts, the level of methylation was significantly increased at CpG 2
when compared with sperm DNA from controls (p = 0.010). Finally, using the top hits and
LDA, we arrive at a correct classification rate of 62 percent for cases and 68 percent for
controls (leave-one-out strategy).

Overall methylation levels in sperm DNA were much lower than those in DNA from blood,
and the distribution across the whole CpG island had similar methylation patterns between
the addicts and controls (Figure 2). The percent methylation obtained from the mixing study
of highly methylated and demethylated DNA for the two PCR assays was highly correlated
with the expected methylation percentages, producing an R% > 0.88. The pyrosequencing
assays proved highly reproducible and reliable, with test-retest ratio of 0.97 and correlation
coefficient of 0.96 (p < 0.001) in the duplicated blood and sperm DNA samples.
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DISCUSSION

Our results, in a sample of active opioid-dependent subjects, are consistent with previous
works reporting increased methylation levels at the OPRM1 promoter region in former
heroin addicts undergoing methadone maintenance.19 The current findings show that blood
DNA methylation at the OPRM1 promoter region is significantly higher in the opioid
addicted group when compared with controls. The replication is further enhanced by the use
of two different platforms for methylation assays: ABI Prism 3700 sequencer in the cited
report, and PSQ™ 96HS pyrosequencing system in our study. Of note is that the other study
used peripheral blood lymphocytes or whole blood as a source of DNA, whereas we used
only whole blood. There might be some variability in methylation across blood cell types,
and further research is warranted to investigate the impact of opioids on DNA methylation
in specific cell types. We observed nonsignificant elevated DNA methylation in sperm from
addicts, and we also found that the overall methylation level of the OPRM1 5’ region in
DNA extracted from sperm is considerably lower than the methylation level of blood DNA.
This is not unexpected, as genome-wide restriction landmark scanning on a large number of
loci in mice indicates that methylation levels in testicular DNA are eight times lower than in
other somatic tissues.1?

There is reported connection between transcription regulation of genes and the level of DNA
methylation in their promoter regions,® and a number of mechanisms for the methylation-
induced gene repression have been proposed. Sequence analyses of the OPRM1 promoter
region suggest binding sites for several transcription factors (including Sp1, YY1, and
E2F1), which may be actively involved in modulating OPRM1 transcription in
lymphocytes.20 Recent report revealed that the promoter activity of OPRM1 is initiated by
Sp1 that functions as an activator of transcription solely in the course of binding to
nonmethylated DNA.21 It is thus significant that in the study of Nielsen et al.,10 as well as in
our independent sample, significant differences in methylation levels between addicts and
controls are found within two potential Sp1-binding CpG sites. Such promoter de novo
methylation may serve to maintain the silencing of genes during development.22
Environmentally induced imperfect reprogramming of the male germ line might
theoretically affect sperm DNA methylation and alter spermatogenesis. Knockout mice
lacking p-1 showed decreased sperm count and motility, had reduced mating activity, and
produced smaller litter size.23 Although marginal, the consistently distinct methylation
profiles of OPRM1 promoter in sperm DNA may play an important role in maintaining
histone structures or gene expression in male reproductive cells. Exposures to internal or
external factors during vital periods of an organism's development can permanently modify
the structure or function of specific systems. In our study, we found that levels of DNA
methylation at certain CpG sites were significantly higher in addicts in blood and may also
be elevated in semen. This suggests that opioid dependence may alter DNA structure
maintenance or gene expression not only in somatic cells but might influence methylation at
some loci in gametic cells as well. This is consistent with previous reports on the effects of
morphine incubation on human spermatozoa.3

Although suspected in humans, epigenetic inheritance of opioid addiction remains a
controversial hypothesis.> At the same time, epigenetic factors such as DNA methylation,
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romatin regulation, and gene imprinting play important role in psychiatric and substance
pendence disorders as well.2425 Qur study adds evidence to the finding that chronic

opioid misuse alters OPRM1 promoter methylation, an effect that may also be reflected in
impaired germ cell development and possible epigenetic transmission of heroin addiction
phenotypes. Study limitations include the moderate age difference and sample size, and

although we obtained relatively high LDA classification rates for cases and controls (>60

pe

rcent), the results should be interpreted with caution.
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Figure 1.
Average methylation levels of 24 CpG sites at the OPRM1 promoter region in blood and

sperm DNA from opioid addicts and control subjects. Sp1, potential binding site for the Sp1
transcription activator;(*) p<0.05, Kruskal-Wallis rank test.
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Figure 2.
Methylation patterns of OPRM1 CpG island and distribution between blood and sperm DNA

from opioid addicts and control subjects. (¢) denotes single CpG sites and their respective
location on chromosome 6.

J Opioid Manag. Author manuscript; available in PMC 2014 August 25.




Page 10

Chorbov et al.

8020°0 | se€0 | 29T sv'e LTv00 | TTE0 | LTET v8'YT ere Ze609ersT | 8zodd
12200 | sss0 | sze 9e's 6.v0°0 | sevo | €2ot 08'9T l€2 9T609€YST | Lz9dD
zZvo0'0 | €800 | ove Ly 85v0°0 | Lve0 | 8T €091 s1z v6809evST | 929dD
v0T00 | sero | ov'e 067 8er00 | LvE0 | ovot €181 90z 8809€vST | SzodD
00500 | ¥86°0 | 57T 16T €9000 | 5000 [ z1°6 s0'ZT 98T 9809evST | ¥29dD
v5€00 | €19°0 | 00°C 162 €800°0 [ TT00 | €201 vSeT z81 19809vST | €29dd
€1€0°0 [ 8950 | 09°0 80 96€00 | sve0 | 267G 6e's 65T 8e809ersT | zzodd
05200 | 2050 | o¥'T 60'T 62200 [ 0800 | 8T'9 €L9 ST v2800evsT | 0z9dD
88T0°0 [ 0e€0 | ST 59T 88100 | 5900 | 62 '8 ot 6T809vST | 6190
52600 | zvo0 | g8 154 v0100 | ¥100 | vz A SeT v1800evST | 819dD
€900°0 [ 2600 | 8ET e €1800 | 2600 | vv'g 979 9e1 50809evST | 219dD
8ev0'0 [ 8680 | LTT S0'T 29100 [ 0500 | v2T e 8 €9.096vST | 919dD
26200 | 6550 | 96°9 9L'6 00500 | 8950 | e6€E 26'5E €5 zeL09eysT | §19dD
8sv0°0 | 62670 | 282 59, 26200 | ¥600 | zewT 1971 Iz 90L09vST | p19dD
LTy0°0 | 9eL0 | L€ o€ 9v100 | €00 | 882 258 01- 02909evST | 1T 9d0
96€0°0 | 699°0 | 80Z 68'T zv00°0 | £¢000 | 9z'g fad) v1- 99909e¥ST | 019dD
6,700 | 8560 | vO'E L0°€ 52100 | 1200 | sv2 €58 81— Z9909€¥5T 6900
29100 | 2520 | T2°€ 6ey 80200 | 9200 | 956 91’6 Se- SG909EYST g8odd
€€€0°0 | £090 | L9€ 99°€ T,2000 | 9800 | v2°G 8L'S 05- 0E909EVST 99dd
€800°0 | €010 | S€T 9z 120000 | €000 | 1e°9 £A 09- 02909€7ST $9dd
62200 | Gvv0 | €5 z9°€ v5e00 | 2910 | w22 698 TL- 60909EYST ¥9do
S5e10°0 | T6T0 | 6ET 154 €ee00 | eoto | 298 676 08- 00909€¥ST ol
120000 | 0T00 | 00°'S 59 5,600 | 6210 | 90T VeI 06- 06S09EVST zodd
9r10°0 | 2ez0 | €oe 8LE 05200 | ¥80°0 | 1279 082 €6- 18509€YST 19do
dad | MM | (Te=u)sjonuod | (€T=u)spIppY | ¥ad | M- | (0z=u)sjonuod | (€T = U)sKIppY
1ue0.8d ‘uoire|Ayew ues N 1we0.8d ‘uoiye Ay ues N O1volaneRy | 9 4ud 6T Bu/LeuDyD

anfea-d vNQ wkds anfen-d VNQ poo|g dg ‘ssreulpuood | 8ys ©dD

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

$]0J1U0D puUR S12IPPE Ul \YNQ WJads pue poojq ul uoiejAyiaw wadisd pue saus 9dd TINHJO Uy JO UOIRI0| [BWOSOWoIYD

J Opioid Manag. Author manuscript; available in PMC 2014 August 25.



Page 11

Chorbov et al.

mﬁ_m_:umooa U01198.1109 ajdinw Y4 wadiad g oy Juediiubis
M

‘818 AIBA0SIP 8S[Ry “HA4 1581 YUBL SI[BAN-[BSNIM ‘M-Y :SUOIRIABIGY

- ¥25°0 | 682 €9°€ - €100 | 20°0T L0TT puelst 9d2 8joym J3A0
da4d M-3 | (Tz=Uu)spnuo) | (€T =u)spIppy | ¥ad M-3 | (0g=u)sjonuod | (€T = u)spIppy

so d ‘uoirelAyeWw UBS N 1wso.ed ‘uolre|AyeWw Ues N 91volaaieRy | 9 1yd 6T Bu/Zeuddo
anfeA-d VNQ wheds anfen-d VvNQ poo|g dg ‘ssreulpuood | 8y ©dD

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Opioid Manag. Author manuscript; available in PMC 2014 August 25.



