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Aim: Methadone maintenance treatment is characterized by large interindividual 
dose variability. The aim of this study was to evaluate whether DNA methylations are 
associated with daily dose of methadone. Materials & methods: Subjects stabilized at 
high (n = 12) or low (n = 12) methadone doses were selected from two independent 
cohorts (French and Swiss). DNA methylation patterns were analyzed using 
HumanMethylation450 BeadChips. Results: In total, 584 differentially methylated 
sites were identified in the French cohort corresponding to 352 genes. Of these, 
26 were replicated in the Swiss cohort. The methylation status of 13 genes varied 
similarly in both cohorts and calcium signaling pathway was significantly enriched. 
Conclusion: Our results indicate that differentially methylated sites are associated 
with methadone daily dose and give insights into the molecular pathways underlying 
this interindividual dose variability.
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Maintenance treatments have been shown 
to reduce the spread of infectious diseases, 
reduce morbidity and mortality, and improve 
quality of life [1–4]. Methadone remains 
the primary replacement drug aimed at 
abstinence or maintenance worldwide [5].

Treatment retention has become a marker 
for opioid maintenance treatment success. 
The retention in opioid maintenance can be 
relatively low in some programs (30–50% at 
6 months) [6,7] with the majority relapsing 
to illicit opioid use [8]. Using the only bio-
marker available to follow the compliance 
of the patients (the concentration of drug 
metabolites in the urine), it has been shown 
that retention in methadone maintenance 
treatment (MMT) is highly dependent on 
adequate daily dosing [9,10]. The mean daily 
methadone dose is highly variable across 
countries, reaching 200 mg/day or more 
in some countries and ranging between 60 
and 100 mg/day in others [11,12]. It has been 

shown that patients receiving a daily dose of 
60–100 mg have better treatment outcomes 
than those receiving less than 60 mg [13–15]. 
However, MMT is characterized by a large 
degree of interindividual variability in daily 
dose at steady state. Therefore, successful 
treatment relies in part on individual dose 
optimization to prevent opiate use, with-
drawal and craving. The optimal therapeutic 
dose at steady state is hard to target or predict 
before treatment, which may result in a high 
percentage of patients experiencing with-
drawal symptoms and/or persisting in heroin 
use or dropping out because of relapses [16,17]. 
Stabilization of patients at steady state may 
require lengthy trials of dose adjustment, 
emphasizing the need for biomarkers for indi-
vidual target daily methadone dose. How-
ever, once pharmacological stabilization has 
occurred, usually in fewer than 3 months, it 
can take months or years at the same steady 
state dose to achieve complete remission, and 
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at least 2 years of MMT are required before withdrawal 
should be attempted [18,19].

Genetic variability of several proteins involved in 
methadone pharmacokinetics and pharmacodynam-
ics has been studied to better understand this variabil-
ity of dose requirements. Genetic polymorphisms in 
methadone metabolizing enzymes (mainly CYP2B6) 
as well as variability in CYP3A activity have been 
shown to contribute to the observed differences in 
methadone plasma levels [17,20–22]. Permeability gly-
coprotein (P-gp) transporter is involved in methadone 
pharmacokinetics [23,24]; however, the association of 
its polymorphisms with methadone dose requirement 
is controversial [17,25–28]. The association of polymor-
phisms of the mu 1 opioid receptor gene (OPRM1) 
with the required methadone dose has also been stud-
ied [28–30]. It has been shown as well that a dopamine 
D2 receptor polymorphism and polymorphisms in one 
of its interacting partners, β-Arrestin2, may contrib-
ute to the interindividual variability in response to 
MMT [29,31–33]. Other studies have identified combi-
natory effects at several loci associated with individual 
MMT dose requirements [30]. These findings highlight 
the complexity of factors involved in the daily metha-
done dose required for effective treatment of opioid 
addiction. Other factors, mainly environmental, are 
likely to influence long-term treatment engagement.

Although some genetic polymorphisms participate 
in the variability of therapeutic response to metha-
done, we have recently shown that past history of 
cocaine dependence, current weight, fractioned metha-
done intake and ethnic background are strongly cor-
related with methadone maintenance dose [28]. These 
variables could induce epigenetic modifications con-
tributing to the variability of therapeutic response to 
MMT. Epigenetic changes caused by drugs of abuse 
and/or the exposure to long-lasting pharmacological 
maintenance treatment and the therapeutic conse-
quences of these changes have been poorly explored. 
It has been found that former heroin addicts stabilized 
on methadone had targeted differences in DNA meth-
ylation at the promoter of OPRM1 as compared with 
control subjects [34–36]. These differences in OPRM1 
gene methylation could explain the observed decrease 
in the expression of this receptor [37]. To identify a 
profile of differentially methylated sites (DMS), in the 
present study we compare the methylome of patients 
stable at low and high doses of methadone (HD). First 
an exploratory analysis was undertaken in a French 
cohort of MMT patients at steady state. A replication 
study was performed in an independent cohort of Swiss 
MMT patients at steady state. The differential meth-
ylation signatures of patients in these two cohorts are 
discussed.

Materials & methods
French cohort
A total of 24 French Caucasian subjects (16 males and 
8 females) under steady-state conditions were recruited 
from the previously described French multicenter 
study [28]. Steady-state conditions were defined prior 
to blood collection as stable prescribed daily doses for 
at least 3 months, no clinical signs of overdose or with-
drawal and if a concomitant use of another illicit opiate 
was present, a standardized clinical interview ruled out 
criteria for opioid dependence in the past 12 months. 
Furthermore, subjects with comorbid cocaine, alcohol 
or benzodiazepine dependence as assessed by DSM-IV 
criteria at the time of recruitment were not meeting our 
definition of ‘steady state’ and thus were not enrolled 
in this study. Subjects with positive serologic status for 
HIV were not selected in this cohort. Eleven subjects 
with positive serologic status for hepatitis C virus (HCV) 
were included. All patients had four Caucasian grand-
parents to avoid ethnic stratification bias. Subjects were 
divided in two groups on the basis of their present and 
maximal lifetime methadone dose. Written, informed 
consent was obtained from each subject after they had 
received a complete description of the study and been 
given the opportunity to discuss any questions or issues. 
The study was approved by the Ethics Committee of 
Paris, Ile-de-France (CPP VI) and was registered to the 
clinicaltrials.gov website (NCT00894452).

Swiss cohort
A total of 24 Swiss Caucasian subjects (19 males and 
5 females) in steady-state conditions were recruited 
from the previously described Swiss multicenter 
study [38]. Steady-state conditions were defined as absti-
nence from heroin and cocaine consumption (based 
on the self-declaration of the patient and confirmed by 
the absence of positive tests for opiates or cocaine from 
urine samples), absence of complaints of withdrawal 
symptoms and consistent attendance in the therapeu-
tic program all for the 3 months before inclusion in 
the study and blood collection. Subjects with comor-
bid cocaine, alcohol or benzodiazepine dependence as 
assessed by DSM-IV criteria were not included. Three 
subjects with positive HIV serologic status and eleven 
subjects with positive serologic status for HCV were 
included. Subjects were divided in two groups on the 
basis of their methadone actual and maximal lifetime 
dose. The study was approved by the local ethics com-
mittees of the participating centers. Written, informed 
consent was obtained from all patients.

Definition of low- & high-dose responders
The French cohort was selected from a multicenter 
study aiming to identify clinical and genetic param-
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eters associated with variability of response to MMT 
(216 patients included at the time of the beginning of the 
present study). For the 216 patients, the median metha-
done dose was 60 mg/day with the 25th percentile at 
35 mg/day and the 75th percentile at 80 mg/day. These 
values were therefore chosen to define the low-dose 
(LD) group of patients as being <35 mg/kg and high 
dose (HD) as being >80 mg/kg. Patients selected in the 
LD group had never received high doses (>80 mg/day). 
They were also selected for being HIV negative.

The Swiss cohort was also selected from a multicenter 
study aiming to identify the clinical and genetic param-
eters associated with the variability of response to MMT, 
although the daily methadone doses were slightly higher. 
For the LD group, the 12 selected patients were stabilized 
at doses <40 mg/day and never received high doses (>105 
mg/day). We were not able to reach the same number of 
patients with the criteria of being HIV negative, and thus 
this criterion was not applied to the Swiss cohort. Demo-
graphic and clinical characteristics of patients included 
in this study are summarized in Table 1.

DNA extraction & sodium bisulfite conversion
In the French cohort, genomic DNA was extracted 
from the collected peripheral blood cells with the Wiz-
ard Genomic DNA Purification Kit (Promega, Char-
bonnières-les-Bains, France) according to the manu-
facturer’s instructions. In the Swiss cohort, Genomic 
DNA was extracted from EDTA-treated blood samples 
using the FlexiGene DNA Kit (QIAGEN, Hilden, 
Germany). For both cohorts, sodium bisulfite conver-
sion of 500 ng of genomic DNA was performed with 
an EZ DNA Methylation Kit (Zymo Research, CA, 
USA) according to the manufacturer’s instructions.

Illumina infinium HumanMethylation450 
BeadChip kit
DNA methylation profiling from 12 patients treated 
with low and 12 patients treated with high methadone 

doses was performed in each cohort with Human-
Methylation450 BeadChips (Illumina, CA, USA), 
which simultaneously analyze the methylation status of 
485,577 CpG sites covering 99% of all RefSeq genes, 
with an average of 17 probes per gene, 41% of which are 
located in proximal promoters. Whole-genome ampli-
fication, labeling, hybridization and scanning were 
performed according to the manufacturer’s instruction 
at Integragen (Evry, France). All arrays were imaged 
using an Illumina BeadArray Reader. The Infinium 
platform presents DNA methylation status as a beta 
value ranging from 0 (no methylation) to 1 (complete 
methylation). Illumina recommends adding a con-
stant offset α (by default, α = 100) to the denomina-
tor to regularize Beta value when both methylated and 
unmethylated probe intensities are low. The beta value 
(β) is calculated by means of the following equation: 
β = M/(M + U + α) where M = methylated intensity 
and U = unmethylated intensity. Each locus reports an 
average beta value obtained from the average of Ms and 
Us across approximately 30 bead replicates, and indi-
vidual bead-level measurements are not readily avail-
able [39,40]. Raw average βs were exported and analyzed 
using R (v2.9.2) [41].

Data analysis
All computation and statistical analyses were performed 
using R. BMIQ (Beta-Mixture Quantile) normaliza-
tion method and M values computation were used 
(wateRmelon package) [42]. The data were adjusted 
for color channel imbalance and background noise. 
M-values were used for subsequent signal analyses. 
The Illumina HumanMethylation450 array uses two 
different chemistries, Infinium I (two probes per CpG 
locus) and Infinium II (one probe per CpG locus). A 
β-mixture quantile normalization method was applied 
to correct this probe design bias [43]. Boxplot of the 
log2 transformed betas for each sample are presented 
as supplementary material in Supplementary Figure 1. 

Table 1. Clinical data (average ± standard deviation) of the subjects from two cohorts. 

Characteristics French cohort Swiss cohort

LD (n = 12) HD (n = 12) LD (n = 12) HD (n = 12)

Male:female 7:5 9:3 10:2 9:3

Age at sample 
collection (range)

42.5 ± 10.5 (27–64) 43.2 ± 8.3 (29–56) 36.7 ± 9.2 (25–51) 37.3 ± 7.3 (27–47)

Methadone dose at 
inclusion (mg/day)

24.7 ± 8.2 109.2 ± 33.1 35.4 ± 8.9 135.8 ± 19.9

Maximum lifetime 
methadone dose 
(mg/day)

50.4 ± 17 145.8 ± 63 57.5 ± 15.9 157.5 ± 49.4

HD: High doses of methadone; LD: Low doses of methadone.
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Figure 1. Analysis of differentially methylated sites in the low and high doses of methadone groups of the French 
cohort. (A) Dendogram plot showing closeness of DNA methylation patterns among the 24 patients from the 
French cohort. Height is a measure of closeness of either individual data points or clusters. Each branch represents 
a patient. Cluster analysis discriminated between HD and LD patients (boxes). (B) Chromosomal distribution of the 
584 differentially methylated sites. 
HD: High doses of methadone; LD: Low doses of methadone. 
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The p-value cut-off for detected probes (different from 
background measurements) was set at 0.05. M-values 
distributions of each sample were analyzed using a 
two-component mixture model to find a cut-off and 
isolate the unmethylated background CpGs from 
the significantly methylated CpGs (mixtools pack-

age) [44]. We then selected CpGs with a methylation 
level significantly different from the background for at 
least half of the samples (P50 list). This method allows 
discarding of the false positive modulations shown by 
the very low betas (background). This list is made of 
377,060 probes from the 485,577. It has been recently 
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Figure 2. Analysis of differentially methylated sites in the low and high doses of methadone groups of the Swiss 
cohort. (A) Dendogram plot showing closeness of DNA methylation patterns among the 24 patients from the 
French cohort. Height is a measure of closeness of either individual data points or clusters. Each branch represents 
a patient. Cluster analysis discriminated between HD and LD patients (boxes). (B) Chromosomal distribution of the 
888 differentially methylated sites.  
HD: High doses of methadone; LD: Low doses of methadone.
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shown that for medium sample size (i.e., n = 12 per 
group) Wilcoxon rank–sum test and Student’s t-test 
are both acceptable and produce similar results for 
DNA methylation microarray analysis [45]. The group 
comparisons were performed using Student’s t-test on 

BMIQ normalized β values and tests results were asso-
ciated to the detection scores. The resulting p-values 
were filtered at 0.05 using the R stats package. In 
these small series and complex study subjects, correct-
ing for multiple testing could lose potential interest-
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ing findings; we therefore chose to replicate the study 
in an independent cohort as a matter of controlling 
findings of chance. Volcano plots of -log10 (p-value) 
against log2 (ratio) obtained for the two cohorts are 
presented in Supplementary Figure 2. In order to sta-
tistically select the significant modulations we used a 
computed threshold on amplitude (absolute value of 
means difference) based on the CpG rejected from the 
P50 list considered as unmethylated or background 
values (with less than 50% of M-values characterized 
as methylated) to compute their modulation ampli-
tudes. However the arbitrary 1.2-fold threshold was 
more stringent than the computed one and was even-
tually chosen to consider a limited number of CpG 
in order to facilitate interpretation. Probe lists were 
then filtered by 1.2-fold-change variation of the meth-
ylation status. A clustering step was performed after 
supervised analysis using hierarchical clustering in 
R (stats package) [41] using the Spearman correlation 

similarity measure and the average linkage algorithm 
to test the generated list by classifying the samples in 
expected groups.

Pathway analysis
Data were subsequently analyzed using the Web-
based Gene Set Analysis Toolkit (WebGestalt [46]) 
to identify enriched GO (gene ontology) categories 
in the genes associated with differentially methyl-
ated CpG sites in their regulatory regions in the two 
cohorts. The enrichment of KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) pathways among genes 
that exhibit differential DNA methylation in the HD 
and LD groups of the two cohorts was also tested. 
Enrichment for specific pathways and biological 
functions was determined relative to the proprietary 
database, after adjustment for multiple testing using 
the Benjamini–Hochberg method the criterion for 
significance was p < 0.05.

Table 2. The top 20 enriched gene ontology categories in the genes associated with differentially 
methylated CpG sites in the French cohort.

Categories Gene count Raw p-value Adjusted p-value

Gene expression 72 1.92 × 10-06 1.61 × 10-02

Tissue morphology† 32 5.57 × 10-06 1.61 × 10-02

Cell-to-cell signaling and interaction† 36 2.16 × 10-05 1.61 × 10-02

Cellular assembly and organization 16 2.16 × 10-05 1.61 × 10-02

Cellular function and maintenance 33 2.16 × 10-05 1.61 × 10-02

Nervous system development and 
function†

40 2.16 × 10-05 1.61 × 10-02

Tissue development† 74 2.16 × 10-05 1.61 × 10-02

Digestive system development and 
function

32 2.47 × 10-05 1.61 × 10-02

Embryonic development† 61 2.47 × 10-05 1.61 × 10-02

Organ development† 48 2.47 × 10-05 1.61 × 10-02

Organismal development† 77 2.47 × 10-05 1.61 × 10-02

Connective tissue development and 
function†

39 6.18 × 10-05 1.61 × 10-02

Organ morphology† 55 6.18 × 10-05 1.61 × 10-02

Skeletal and muscular system development 
and function†

28 6.18 × 10-05 1.61 × 10-02

Organismal survival 75 9.13 × 10-05 1.61 × 10-02

Cell death and survival† 103 1.11 × 10-04 1.61 × 10-02

Cancer† 211 1.89 × 10-04 1.61 × 10-02

Gastrointestinal disease 113 2.44 × 10-04 1.61 × 10-02

Organismal injury and abnormalities† 42 2.65 × 10-04 1.61 × 10-02

Reproductive system disease 33 2.65 × 10-04 1.61 × 10-02

Ranks were determined by adjusted p-value (Benjamini–Hochberg multiple testing correction).
†Found both in the French and Swiss cohorts.
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Results
Quality control & clustering
In the French cohort, genome-wide DNA methyla-
tion profiling of genomic DNA samples from 12 LD 
and 12 HD MMT patients resulted in a raw data 
matrix of 358,537 probes after stringent quality con-
trol analysis (see section ‘Materials & methods’). This 
raw data matrix was then subjected to an unsuper-
vised clustering analysis. No aberrant samples were 
found, allowing the subsequent analysis of all patients 
(Supplementary Figure 3). A total of 584 CpG sites 
had significantly different DNA methylation levels 
between the HD and LD groups. Among these, 291 
showed hypermethylation (>1.2-fold) in HD patients, 
and 293 showed hypomethylation (<0.8-fold). Cluster 
analysis of the 584 CpG sites successfully discrimi-
nated between HD and LD patients (Figure 1A). We 
determined the chromosomal distribution of differen-
tially methylated CpG sites in HD and LD patients 

(Figure 1B), and detailed analysis revealed no statisti-
cally overrepresented chromosomes compared with the 
chromosomal distribution of all analyzed CpG sites on 
the Infinium HumanMethylation450 BeadChip (see 
Supplementary Table 1 for Chi squared analyses).

In the Swiss cohort, as previously described, raw 
data obtained from 12 LD and 12 HD MMT patients 
were subjected to quality control analysis, which 
resulted in a raw data matrix of 358,377 probes. After 
unsupervised clustering analysis, no aberrant samples 
were found allowing for the subsequent analysis of 
the 24 patients (Supplementary Figure 3). Signifi-
cantly different DNA methylation levels between the 
HD and LD groups were found at 888 CpG sites, 
with 382 hypermethylated (>1.2-fold) and 506 hypo-
methylated (<0.8-fold) CpG sites in patients from 
the HD group. Cluster analysis of the 888 CpG sites 
successfully discriminated between the HD and LD 
patients (Figure 2A). Analysis of the chromosomal 

Table 3. The top 20 enriched gene ontology categories in the genes associated with differentially 
methylated CpG sites in the Swiss cohort.

Categories Gene count Raw p-value Adjusted p-value

Inflammatory disease 69 1.46 × 10-07 9.48 × 10-03

Neurological disease 109 1.46 × 10-07 1.45 × 10-02

Skeletal and muscular disorders 109 1.46 × 10-07 1.53 × 10-02

Cellular growth and proliferation† 173 2 × 10-07 1.31 × 10-02

Connective tissue development and 
function†

48 4.95 × 10-07 1.45 × 10-02

Embryonic development† 89 4.95 × 10-07 1.45 × 10-02

Nervous system development and 
function†

116 4.95 × 10-07 1.46 × 10-02

Organ development† 78 4.95 × 10-07 1.45 × 10-02

Organ morphology† 86 4.95 × 10-07 1.45 × 10-02

Organismal development† 134 4.95 × 10-07 1.45 × 10-02

Skeletal and muscular system 
development and function†

65 4.95 × 10-07 1.45 × 10-02

Tissue development† 77 4.95 × 10-07 1.45 × 10-02

Tissue morphology† 123 6.67 × 10-07 1.46 × 10-02

Cancer† 311 2.89 × 10-06 1.45 × 10-02

Cell death and survival† 166 3.21 × 10-06 1.4 × 10-02

Cellular development 161 7.16 × 10-06 1.31 × 10-02

Metabolic disease 80 2.39 × 10-05 1.43 × 10-02

Behavior 57 2.6 × 10-05 1.28 × 10-02

Hematological system development and 
function

93 2.66 × 10-05 1.33 × 10-02

Psychological disorders 69 7.58 × 10-05 1.4 × 10-02

Ranks were determined by adjusted p-value (Benjamini–Hochberg multiple testing correction).
†Found both in the French and Swiss cohorts.
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Figure 3. Analysis of the genes associated with differentially methylated sites in the two populations. (A) Venn diagram of the 
genes associated with differentially methylated CpG sites in the HD and LD groups in the French and Swiss cohorts. (B) Fold change of 
methylation status of the common genes in the French and Swiss cohorts. 
HD: High doses of methadone; LD: Low doses of methadone.
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distribution of the differentially methylated CpG 
sites in HD and LD patients (Figure 2B) showed that 
DMS are evenly distributed to all chromosomes (see 
Supplementary Table 1 for Chi squared analyses).

Differentially methylated CpG sites & genes in 
subjects from the HD & LD groups
As shown in Supplementary Table 2 differentially 
methylated CpG islands were found to be distrib-
uted mostly within exons: 77% and 73% of the DMS 
in the French and Swiss cohorts, respectively. The 
DMS present in promoter regulatory regions (500 
bps upstream and 2000 bps downstream of the tran-
scription start site) represent 9% and 13.5% in the 
French and Swiss cohort, respectively. The Infinium 
HumanMethylation450 BeadChip is characterized 
by the presence of multiple probes per gene; differ-
ent CpG sites in the two cohorts may therefore tar-
get the same gene. Thus, we next analyzed the genes 
potentially regulated by the CpG sites differentially 
methylated between the HD and LD groups (Table 2). 
Among the regulatory CpG sites, 70% were present in 
genes that were annotated in the databases (405 sites) 
in the French cohort. The complete list of the genes 
displaying differentially methylated CpG sites in the 
French cohort is presented in Supplementary Table 3. 
The subsequent analyses were undertaken on these 
405 sites corresponding to 352 unique genes present 
in the databases. Among them, 100 (34.7%) displayed 
a hypomethylated profile in HD patients compared 

with LD patients, and 188 (65.3%) displayed a hyper-
methylated profile. Similar proportions were found in 
the Swiss cohort with a total of 638 CpG sites (72%) 
corresponding to 572 unique annotated genes in the 
databases. See Supplementary Table 4 for a detailed list 
of the genes displaying differentially methylated CpG 
sites in the HD group compared with the LD group 
in the Swiss cohort. Among these genes, 151 (38%) 
were found to be hypomethylated, and 245 (62%) were 
hypermethylated in the HD group (Table 2).

Over-represented categories in each cohort
We used WebGestalt to identify the most relevant GO 
(gene ontology) categories and pathways associated with 
high daily methadone doses compared with low daily 
doses. As seen in Table 2, the top 20 overrepresented GO 
categories in the French cohort were related to diseases 
such as cancer, gastrointestinal disease and reproduc-
tive system disease but also include metabolic processes 
(gene expression); cellular processes (cell–cell signaling, 
cellular assembly, cellular maintenance); and develop-
mental processes (tissue development, nervous system 
development, embryonic development, connective tissue 
development, organ development, organismal develop-
ment, tissue morphology and organ morphology). In 
the Swiss cohort, diseases such as inflammatory disease, 
cancer, neurological disease, skeletal and muscular disor-
ders, metabolic disease and psychological disorders were 
overrepresented (Table 3). Categories present in both 
cohorts are indicated; they include several categories 
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Figure 4.  Distribution of methylation status. The 13 genes that vary similarly in the (A) French and (B) Swiss 
cohorts are shown. The bottom and the top of the boxes represent the 25th and 75th percentiles, respectively. The 
median is represented by horizontal lines. Individual values in the HD and LD groups are superimposed. 
HD: High doses of methadone; LD: Low doses of methadone.
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related to developmental processes (tissue development; 
connective tissue development; embryonic develop-
ment; nervous system development; organ development; 
organismal development; skeletal and muscular organ 
development; tissue morphology; and organ morphol-
ogy); cellular processes (cell growth and proliferation, 
cell death and survival) and a single disease (cancer).

Genes associated with differentially 
methylated CpG sites in both cohorts
As shown in Figure 3A, 26 genes were found in com-
mon between the two cohorts and among these 13 dis-

played a similar methylation status in the HD group 
compared with the LD group in both cohorts. Two 
genes (LINC00472 and TMEM87B) were hypermeth-
ylated, whereas 11 genes (CACNA1B, EYA4, GNG7, 
GPR133, HLA-G, KCNQ1DN, KLHL35, KLK10, 
LRP1B, MTUS2, PTGER3) were hypomethylated in 
the HD group in both tested cohorts (Figure 3B). The 
individual distribution of β values for these 13 genes in 
the HD and LD groups of the two cohorts are shown 
in Figure 4. Analysis of the DMS of these 13 genes 
showed that the number of sites affected is not always 
the same in the two cohorts (Table 4). Furthermore, 
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the DMS are different in the two populations except 
for LRP1B and MTUS2 for which the same site is 
differentially methylated in the HD patients as com-
pared with the LD in the two populations. We next 
performed a KEGG (Kyoto Encyclopedia of Genes 
and Genomes) pathway analysis to identify biological 
pathways enriched for genes that exhibit differential 
DNA methylation in HD compared with LD metha-
done stabilized patients. The 26 common genes were 
analyzed, and the human genome was used as back-
ground. Only the calcium signaling pathway, with 
two genes (CACNA1B and PTGER3), was found to be 
significantly enriched in the HD group (Table 5).

Discussion
In this study, we compared the genome-wide DNA 
methylation profiles of patients stabilized at high daily 
methadone doses to the profiles of patients at steady state 
with low daily doses in cohorts from two different coun-
tries (France and Switzerland). Differential methylation 
patterns obtained here are consistent between the two 
cohorts studied. We identified a distinct set of epigen-
etic signatures in subjects stabilized at HD in the two 
cohorts. The clinical use of methadone differs between 
these countries however several overrepresented cel-

lular functions were identified, from the differentially 
methylated genes, in both cohorts. We also replicated 
in the two independent cohorts a set of 13 differentially 
methylated genes in the HD and LD patients.

The current study provides a basic understanding 
of DNA methylation in peripheral blood cells of for-
mer heroin addicts stabilized by MMT with a high or 
a low daily methadone dose. To our knowledge, this 
study is the first to analyze genome-wide DNA meth-
ylation differences between HD and LD MMT stable 
patients in two independent cohorts. We observed 
different CpG methylation in HD and LD groups of 
patients in two independent cohorts of stable patients. 
The signatures obtained from these cohorts displayed 
similar proportions of hypermethylated and hypo-
methylated CpG sites in the HD groups compared 
with the LD groups. In the samples from this study, 
we were unable to replicate the OPRM1 gene hyper-
methylation in former addicts on MMT that was 
reported previously [35]. This is most likely because 
the previous study compared patients stabilized in 
methadone treatment to control subjects, whereas our 
study focused on epigenetic differences between for-
mer addicts according to their stabilizing methadone 
dose in MMT.

Table 4. Differentially methylated CpG sites of the thirteen genes found in common in the two populations.

Gene French Swiss

Illumina 
probe IDs

Position
 

Average β values p-value Illumina 
probe IDs

Position
 

Average β values p-value

HD LD  HD LD  

LINC00472 cg24772267 72187463 0.138 0.114 0.037 cg15832847 72187368 0.246 0.02 0.04

CACNA1B
 

cg13811936
cg14022794

140136822
140137278

0.15
0.289

0.207
0.365

0.002
0.0003

cg11827453
 

140037234
 

0.014
 

0.199
 

0.042
 

EYA4
 

cg17985029
 

133603340
 

0.196
 

0.292
 

0.039
 

cg11942956
cg25075347

133773494
133604163

0.145
0.469

0.116
0.566

0.024
0.005

GNG7 cg22323942 2494655 0.097 0.141 0.014 cg24299136 2462707 0.630 0.653 0.028

GPR133 cg02717046 130004741 0.089 0.116 0.014 cg24301724 130182997 0.134 0.166 0.041

HLA-G
 

cg03149560
 

29904358
 

0.091
 

0.122
 

0.045
 

cg06316104
cg25046571

29904964
29902636

0.563
0.359

0.814
0.568

0.011
0.012

KCNQ1DN
 
 
 

cg03947814
cg04457979
cg07592963
cg22389375

2846995
2847223
2847225
2847246

0.22
0.108
0.109
0.267

0. 284
0.174
0.136
0.339

0.003
0.03
0.045
0.02

cg14582642
 
 
 

2846895
 
 
 

0.153
 
 
 

0.184
 
 
 

0.034
 
 
 

KLHL35 cg05353869 74817192 0.334 0.455 0.037 cg03934926 74819483 0.077 0.099 0.015

KLK10 cg09226684 56211905 0.15 0.180 0.028 cg15910208 56214400 0.07 0.086 0.002

LRP1B cg22830273 142605753 0.172 0.211 0.017 cg22830273 142605753 0.167 0.201 0.027

MTUS2 cg05122437 28953092 0.468 0.601 0.017 cg05122437 28953092 0.485 0.62 0.033

PTGER3 cg06937997 71284688 0. 91 0.115 0.048 cg23647191 71286082 0.079 0.096 0.031

TMEM87B cg02414648 112529227 0.242 0.202 0.027 cg04439376 112528601 0.087 0.071 0.02

Chromosomal positions are based on hg18 (build 36). The CpG sites in bold are the same in the French and Swiss cohorts.
HD: High doses of methadone; LD: Low doses of methadone.
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Enrichment studies found that the genes associated 
with the differentially methylated CpG signature belong 
to biological processes such as development, morphol-
ogy, cell signaling and cell death. These processes could 
be important to mediate methadone-induced signaling 
in cells. Among the candidate genes whose expression 
pattern could be affected by these two signatures, 13 
displayed similar modulations of their methylation sta-
tus in the French and Swiss cohorts. None of these genes 
have been previously associated with heroin or other 
substance addiction, response to methadone or response 
to other drugs. They therefore represent new potential 
avenues of research in the field of variability of response 
to daily methadone dose. It is interesting to note that the 
calcium signaling pathway, known to be elicited by Mu 
receptor agonists such as methadone, was found to be 
significantly enriched in the HD group.

Modification of DNA methylation at CpG sites in 
the vicinity of these 13 genes could be the result of sev-
eral mechanisms. One mechanism could be an innate 
predisposing factor for vulnerability to be stabilized 
with HD or LD of methadone. Another mechanism 
could be acquired as the result of life events which 
occurred before heroin was first taken. It has been 
shown that attention deficit hyperactivity disorder 
(ADHD), history of trauma, sexual abuse and con-
duct disorders are highly prevalent in patients entering 
MMT [47–49]. These factors have been shown to corre-
late with DNA methylation modifications, which may 
be associated with susceptibility to or a consequence of 
drug abuse, in peripheral blood cells [50–53]. Acquired 
changes in DNA methylation could also result from 
chronic heroin use. It has been shown that the daily 
methadone dose required to stabilize patients could be 
correlated to the severity of addiction [54]. Consump-
tion of high doses of heroin, length of heroin use, 
repeated cycles of heroin use and withdrawal are all 
factors that might modulate DNA methylation and 
predispose the patients to be stabilized with HD. A 
significant relationship was found in the French cohort 
between an indirect marker of addiction severity and 
daily methadone dose [28]. Preliminary results suggest 

other association with previously identified clinical fac-
tors such as past history of cocaine dependence, weight 
and fractioned methadone intake in the French sample 
used in this study. Further studies assessing the associa-
tion between those clinical factors and the methylation 
status observed here are needed. The objective could be 
to describe a multifactorial methylation model based 
on several correlated clinical variables.

The observed differential DNA methylation 
between HD and LD groups could also result from 
methadone treatment itself. Patients in the two 
cohorts enrolled in this study had a median history of 
3 to 4 years of MMT. This long-term daily consump-
tion of methadone could induce cumulative dose-
dependent modifications of DNA methylation status. 
It has been suggested that chronic opioid use could 
induce increased DNA methylation at a global meth-
ylation site (LINE1) and at the promoter of OPRM1 
in blood cells of chronic pain patients treated with 
opioids compared with control subjects [34]. Again, 
these loci were not found to be differentially meth-
ylated in our study, which has a different design, as 
all of the patients included here were former heroin 
users. Longitudinal studies of comparative genome-
wide DNA methylation profiles of heroin addicts at 
entrance into MMT and at steady-state should allow 
for the determination of the innate and acquired 
causes of observed differential DNA methylation for 
these 13 genes.

This study has some limitations. First, the strong 
selection criteria applied to define both HD and LD 
groups limited the sample size, particularly for the LD 
group. Therefore the two groups could not be adjusted 
for severity of their previous heroin addiction. How-
ever, these data were available in the French cohort 
and the LD and HD groups were not different on this 
dimension as assessed by the available variables (age 
of first heroin use, intravenous route for heroin, days 
of heroin use per week, duration of methadone treat-
ment and persistent occasional heroin use during the 
past 12 months of methadone treatment). Although 
our sample size is relatively small for detecting small 

Table 5. Kyoto Encyclopedia of Genes and Genomes pathways with enrichment of genes that exhibit differential DNA 
methylation in patients from the high doses of methadone group compared to the low doses of methadone group in 
both cohorts studied.

Pathway (number of 
genes in pathway)

Observed 
number of 
genes

Expected 
number of 
genes

Ratio 
observed/
expected

Raw p-value Adjusted 
p-value

Observed genes

Calcium signaling 
pathway (177)

2 0.1 19.49 0.0047 0.0094 PTGER3, CACNA1B

p-values have been adjusted for multiple testing using the Benjamini–Hochberg method.
HD: High doses of methadone; LD: Low doses of methadone.
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effects in a genome-wide analysis, it is noteworthy that 
the analyzed CpG sites reached levels of significance. 
Moreover, the sample size is comparable to similar 
studies [55,56]. Second, the genome-wide data generated 
in this study are from genomic DNA of blood cells, 
which limits inference of the effects of methadone on 
the brain. It has been found in control subjects that 
DNA methylation at promoter CpG islands is strongly 
conserved across brain areas and blood suggesting that 
peripheral tissues may be useful in epigenetic studies 
of complex neurobiological phenotypes [57]. However, 
additional studies are necessary to determine if the 
modulations induced by drugs such as methadone 
can be similar in different tissues. A third limita-
tion of this study is that differences in methylation 
levels could not be verified by pyrosequencing or be 
extrapolated directly to modulations in gene expres-
sion levels and disruption of pathways. These cohorts 
of former heroin addicts stabilized with a maintenance 
drug are very difficult to implement. The collected 
DNAs have been used in several ongoing genotyping 
projects [20,28,31–32,38,58–65 and  vorspan et al.,   unpublished 

results ] and we could not perform pyrosequencing due 
to limited amount of DNA left for some of the patients 
in the LD group. Nine percent and 13.5% of the dif-
ferentially methylated CpG sites in the French and 
Swiss cohorts, respectively, are located within known 
regulatory gene regions. RNA samples from blood 
cells of patients treated with a stable dose of metha-
done were not collected in the two studied cohorts 
precluding the analysis of gene expression in parallel 
with the DNA methylation analysis. Studies in other 
cohorts, selecting homogeneous group of patients 
based on their chronic infectious diseases status will 
be required to extrapolate these observations to other 
groups of patients.

Conclusion & future perspective
Despite these limitations, our study is the first to 
use a genome-wide analysis to identify DNA meth-
ylation differences associated with high or low daily 
dosages in peripheral DNA samples from MMT-
stabilized patients. It is not possible from our results 
to differentiate if the observed differences in DNA 
methylation characterize a predisposition to high 
or low methadone daily doses or if they result from 
methadone pharmacotherapy at high or low doses. 
A study of DNA methylation patterns in peripheral 
blood cells at the initiation of MMT and at steady 
state should allow differentiation between these two 
possibilities. Long-term retention in an MMT pro-
gram and variability of daily methadone doses at 
steady state are influenced by factors that have been 
linked to differences in DNA methylation patterns, 
such as environmental and sociodemographic fac-
tors. Therefore, DNA methylation could be used as 
a surrogate biomarker for the therapeutic response to 
methadone.
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Executive summary

•	 Methadone maintenance treatment is characterized by a large degree of interindividual dose variability 
among patients.

•	 The aim of this study was to evaluate whether differences in DNA methylations are associated with daily dose 
of methadone.

•	 Caucasian subjects stabilized at high and low methadone daily doses were selected from two independent 
samples (French and Swiss) to conduct replication studies.

•	 Genome-wide DNA methylation was examined in peripheral blood cells of 12 patients stabilized at a low dose 
(LD) and 12 patients stabilized at a high dose (HD) in each cohort.

•	 A total of 584 and 888 differentially methylated sites, associated with the doses of methadone, were 
identified in the French and Swiss cohorts, respectively.

•	 We identified a set of 13 genes whose methylation status varied similarly in both cohorts.
•	 Among these, the calcium signaling pathway was found significantly enriched
•	 This work is the first to identify DNA methylation differences associated with daily methadone dose.
•	 The findings of this study are from a cross-sectional study so causal conclusions cannot be drawn. Future 

prospective studies should allow to differentiate if the observed differences characterize a predisposition to 
methadone daily HD or LD, or if they result from methadone pharmacotherapy at HD or LD.
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