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Validation of differential GDAP1 DNA methylation in alcohol dependence
and its potential function as a biomarker for disease severity and therapy outcome
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ABSTRACT
Alcohol dependence is a severe disorder contributing substantially to the global burden of disease.
Despite the detrimental consequences of chronic alcohol abuse and dependence, effective prevention
strategies as well as treatment options are largely missing to date. Accumulating evidence suggests that
gene-environment interactions, including epigenetic mechanisms, play a role in the etiology of alcohol
dependence. A recent epigenome-wide study reported widespread alterations of DNA methylation
patterns in alcohol dependent patients compared to control individuals. In the present study, we validate
and replicate one of the top findings from this previous investigation in an independent cohort: the
hypomethylation of GDAP1 in patients. To our knowledge, this is the first independent replication of an
epigenome-wide finding in alcohol dependence. Furthermore, the AUDIT as well as the GSI score were
negatively associated with GDAP1 methylation and we found a trend toward a negative association
between GDAP1 methylation and the years of alcohol dependency, pointing toward a potential role of
GDAP1 hypomethylation as biomarker for disease severity. In addition, we show that the hypomethylation
of GDAP1 in patients reverses during a short-term alcohol treatment program, suggesting that GDAP1 DNA
methylation could also serve as a potential biomarker for treatment outcome. Our data add to the
growing body of knowledge on epigenetic effects in alcohol dependence and support GDAP1 as a novel
candidate gene implicated in this disorder. As the role of GDAP1 in alcohol dependence is unknown, this
novel candidate gene should be followed up in future studies.
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Introduction

Causing approximately 3.3 million deaths every year (or 5.9%
of all deaths world-wide) and attributing to 5.1% of the global
burden of disease, harmful use of alcohol plays a decisive role
for health (WHO, 2014). Despite the detrimental consequences
of chronic alcohol abuse and dependence, effective preventive
strategies and treatment options are still less than optimal.

Genetic and environmental factors modulate susceptibility
to chronic alcohol abuse and alcohol dependence. Whereas
heritability estimates for alcohol dependence range between
40 and 60%, environmental and stochastic effects account
for the remainder of this variability.1-3 Accumulating evi-
dence suggests that genetic and environmental factors not
only act independently of each other but that also their inter-
actions are implicated in the etiology of alcohol depen-
dence.4-6 Among others, the interaction between genes and
environment is mediated by epigenetic mechanisms.7 The
major epigenetic mechanisms involve covalent modifications:
DNA methylation and posttranslational histone modifica-
tions.8,9 Both mechanisms are important regulators of gene
expression.10 DNA is methylated at position 5 of the cytosine
pyrimidine ring, a reaction catalyzed by DNA methyltrans-
ferases (DNMTs). DNA methylation mainly occurs at the

cytosine of a CpG dinucleotide. These CpG sites are not
evenly distributed throughout the genome but are enriched
in regions called CpG islands. CpG islands overlap with the
promoter regions of 50 – 60% of human genes and are typi-
cally less methylated than CpG sites outside of CpG
islands.11 Methylation of CpG sites is usually correlated with
a decrease in gene expression.12,13

Initially, DNA methylation was believed to be established
during early embryonic development and to remain stable
afterwards. However, more recent research hints toward a
more complex pattern of transcriptional regulation through
DNA methylation and it is now known that DNA methylation
is a dynamic mechanism.14 DNA methylation patterns vary
over the lifetime of an organism and allow it to adapt to envi-
ronmental changes.15 Various diseases are associated with
altered epigenetic regulation and epigenetic mechanisms also
play an important role in many neuropsychiatric disorders, 16

such as depression,17 schizophrenia 18 and addictions 19 includ-
ing alcohol dependence.

Increased levels of homocysteine have been described in
alcohol dependent patients.20-22 Homocysteine is of impor-
tance for DNA methylation as it is metabolized to methio-
nine, which is then transformed into S-adenosyl methionine
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(SAM), the most important methyl group donor in verte-
brates.23 Consequently, elevated homocysteine levels were
associated with DNA hypermethylation in alcohol depen-
dent patients.24 In contrast to those findings, other studies
have reported that alcohol dependent patients lack the regu-
lation of methionine adenosyl transferase resulting in global
DNA hypomethylation.25,26

Several previous candidate-gene driven studies investigated
the interplay between alcohol consumption and DNA methyla-
tion. An impact of alcohol intake on the methylation state of
various genes, including monoamine oxidase A,27 dopamine
transporter,28 serotonin transporter,29 nerve growth factor 30

and, most recently, leptin 31 have been described.
To date, there are only few studies investigating the

influence of alcohol consumption on epigenetic mechanisms
at an epigenome-wide level. In these studies, a number of
genes were found to be significantly differentially methyl-
ated epigenome-wide between alcohol dependent patients
and control individuals. The epigenetically differentially reg-
ulated regions included hyper- as well as hypo-methylated
genes in patients.32-34 The most recent study by Clark et al.
identified CNTN4 as a risk factor for alcohol use by exam-
ining the methylation status of approximately 27 million
autosomal CpG sites and comparing them to GWAS data.35

Earlier candidate-gene based studies investigating the influ-
ence of therapeutic interventions on DNA methylation
reported decreasing homocysteine levels in alcohol depen-
dent patients during alcohol treatment,20,21,36,37 leading to
the hypothesis that DNA methylation levels also decrease
during alcohol treatment. However, candidate-gene driven
DNA methylation studies conducted thus far have resulted
in conflicting findings.28,30,38

To date, only one study has investigated the effects of an
alcohol treatment on the epigenome using a systematic
approach.32 No gene was epigenome-wide significantly differ-
entially regulated when comparing the patients’ methylome at
the beginning of the alcohol treatment and after 4 weeks of
treatment. However, when comparing patients entering the
program and healthy control individuals, 56 genes reached epi-
genome-wide significance after Bonferroni correction, among
them, GDAP1. This gene caught our attention, as it was the
most significant finding within a promoter region of a charac-
terized gene product. GDAP1 was significantly hypomethylated
in alcohol dependent patients compared to the control group.
GDAP1 is a member of the ganglioside-induced differentiation-
associated protein family. Mutations in GDAP1 have been
linked to Charcot-Marie-Tooth disease, a peripheral nerve dis-
order involving loss of muscle tissue.39,40 So far, no associations
of GDAP1 with alcohol dependence or other addictions have
been reported.

To clarify whether GDAP1 is indeed a novel epigenetic bio-
marker for alcohol dependence, we aimed to replicate the DNA
methylation status of GDAP1 in a cohort of 49 alcohol depen-
dent patients entering an alcohol treatment program and
37 healthy control individuals. In addition, we studied GDAP1
DNA methylation after 3 weeks of participating in an inpatient
alcohol treatment program to elucidate whether GDAP1 DNA
methylation could also serve as an epigenetic biomarker of
treatment response.

Results

Lower GDAP1 DNA methylation in patients
at the beginning of the alcohol treatment (T1) compared
to control individuals

The demographic characteristics as well as nicotine and alcohol
consumption of our cohort is provided in Table 1.

Control individuals and patients did not differ significantly
in age (patients: 49 § 10.47 years, control individuals: 47 §
12.32 years; P D 0.3) or smoking behavior (control individuals:
16 § 10.99 cigarettes per day, patients: 20 § 10.93; P D 0.18).
AUDIT scores differed significantly between control individu-
als (4.9 § 3.7; P D 5.1E-15) and patients (25.1 § 6.1) as well as
the GSI scores (0.16 § 0.13 for control individuals, 0.78 § 0.54
for patients; P D 1.7E-10).

For all 3 sites analyzed, DNAmethylation levels between control
individuals and patients at T1 differed significantly (Table 2 and
Fig. 1). For cg23779890 / site 1, the CpG site identified by Philibert
et al.,32 DNA methylation levels were as follows: 7.8 § 0.2 in con-
trol individuals, 6.6 § 0.3 in patients, P D 0.001. For site 2, DNA
methylation levels were 4.0 § 0.1 in control individuals and 3.6 §
0.1 in patients, PD 0.015. For site 3, DNAmethylation levels were
2.1§ 0.1 in control individuals and 1.8§ 0.1 in patients, PD 0.012.

Mean DNA methylation across all 3 sites differed signifi-
cantly between control individuals and patients (control indi-
viduals: 4.6 § 0.1, patients: 4.0 § 0.2; P D 0.001).

Since the DNA methylation levels of each site were highly
correlated with the mean DNA methylation level across all sites
(site 1: rs D 0.979, P D 2.0E-82; site 2: rs D 0.938, P D 1.4E-55;
site 3: rs D 0.892, P D 4.0E-42), we decided to use the mean
DNA methylation levels for further analyses.

First, comparing control individuals and patients at T1, the
mean DNA methylation level was significantly negatively associ-
ated with the GSI score (rs D ¡0.2066, P D 0.016), and AUDIT
Score (rs D ¡0.2041, P D 0.009). Furthermore, a trend toward a
negative association between themean DNAmethylation level and
the years of dependency (rs D 0.266, P D 0.08) was observed. We
did not find any association between the DNA methylation levels
and the amount of drinks consumed daily in theweek before hospi-
tal admission (rsD¡0.1038, PD 0.35).

Alcohol treatment significantly influences GDAP1 DNA
methylation levels in alcohol dependent patients

After three weeks of alcohol treatment (T2), DNA methylation
levels at all 3 sites were increased (Fig. 1, Table 3): 7.3 § 0.3

Table 1. Characterization of patients and control individuals. Errors are given as
standard deviation (SD). Amount of drinks is the standardized unit originating
from the AUDIT questionnaire.

Control individuals Patients P-value

Total N 37 49
Age (years) 47 § 12.32 49 § 10.47 0.30
Smokers (% of total) 29 (78%) 38 (79%) 0.93
Cigarettes smoked daily 16 § 10.99 20 § 10.93 0.18
Days since last drink 2.9 § 6.9
Amount of drinks consumed

daily one week before
hospital admission

17 § 13.1

Years of alcohol dependency 12.3 § 9.9
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(site 1, P D 0.001), 3.8 § 0.1 (site 2, P D 0.033) and 2.0 § 0.1
(site 3, P D 0.001). Again, the mean DNA methylation across
these sites differed significantly (4.4 § 0.2, P D 0.001)
from the values of patients at T1 (4.0 § 0.2) and were highly
correlated with each other (site 1: rs D 0.972, P D 4.6E-21;
site 2: rs D 0.901, P D 9.1E-13; site 3: rs D 0.877,
P D 2.2E-11). In addition, the GSI score decreased signifi-
cantly (0.78 § 0.54 vs. 0.48 § 0.49, P D 0.008, N D 30), as
well as the OCDS score (3.93 § 1.32 vs. 2.71 § 0.96,
P D 2.1E-5, N D 33).

Comparing the mean DNA methylation across all 3 sites
between the control individuals and patients at T2, none of the
DNA methylation levels differed significantly (site 1: P D 0.098;
site 2: P D 0.244; site 3: 0.377; mean: P D 0.167).

The exclusion of 8 patients who had been abstinent for more
than 3 d before hospital admission led to a diminishment of the
days since the last drink from 2.9 § 6.9 d to only 1.3 § 0.8 d.
Furthermore, it enhanced the observed effect of differential
GDAP1 methylation between control individuals and patients
at T1. At T2, this only had a moderately positive effect (see
Table S1).

Discussion

By conducting pyrosequencing of 3 adjacent CpG sites in
GDAP1, including cg23779890, we were able to replicate the
finding of significant differences in DNA methylation between
alcohol dependent patients and matched control individuals
previously reported by Philibert et al.32 In addition, we identi-
fied significant differences between GDAP1 DNA methylation
levels in patients at the day of hospital admission (T1) and after

Table 2. DNA methylation levels, AUDIT and GSI scores for control individuals vs.
patients at T1. DNA Methylation level errors are given as standard error of the
mean (SE), questionnaire score errors are given as standard deviation (SD).

Control individuals Patients at T1 P-value

Site 1 (cg23779890) 7.8 § 0.2 6.6§ 0.3 0.001
Site 2 4.0 § 0.1 3.6§ 0.1 0.015
Site 3 2.1 § 0.1 1.9§ 0.1 0.012
Mean DNA methylation

(sites 1 – 3)
4.6 § 0.1 4.0§ 0.2 0.001

AUDIT score 4.9 § 3.7 25.1§ 6.1 5.1E-15
GSI score 0.16 § 0.13 0.78§ 0.54 1.7E-10

Figure 1. DNA methylation levels at (A) site 1 / cg23779890, (B) site 2 and (C) site 3 for control individuals, patients at T1 and patients at T2. Significant differences are
indicated with � (P � 0.05) and ��� (P � 0.001).

458 C. BR€UCKMANN ET AL.



3 weeks of attending an inpatient alcohol treatment program
(T2). Furthermore, the AUDIT score as well as the GSI score at
T1 were negatively associated with the DNA methylation levels
and we found a trend toward a negative association between
the DNA methylation levels and the years of alcohol depen-
dency, but not with the amount of drinks consumed in the
week before hospital admission. Our study thus provides addi-
tional evidence supporting the hypothesis that GDAP1 DNA
methylation could serve as new biomarker for the severity of
alcohol dependence.

In contrast to the hypothesis of increased DNA methylation
levels in alcohol dependent patients due to higher levels of
homocysteine,24 our results, as well as the previous results from
Philibert et al. 32 show a hypomethylation of the GDAP1 gene
in patients compared to control individuals. This was surpris-
ing, but as we did not measure homocysteine levels in our study
samples, we can neither support nor contradict a potential cor-
relation between homocysteine levels and DNA methylation of
the GDAP1 gene promoter. Nevertheless, other studies did not
find a correlation between homocysteine and global DNA
methylation, and some did find a hypothesis-opposing out-
come: with higher homocysteine levels in their samples, global
DNA methylation was decreased.41 Other studies speculate that
the missing regulation of the methionine adenosyl transferase
in alcohol dependent patients results in global DNA hypome-
thylation.25,26 A recent study specifically investigating the role
of homocysteine in altered DNA methylation in 363 alcohol
dependent patients also found no correlation between homo-
cysteine and global DNA methylation.42 Further studies are
therefore necessary to clarify the relationship between homo-
cysteine levels and GDAP1 DNA methylation.

Furthermore, we observe that increased severity of alcohol
dependence in patients, assessed by the AUDIT score, as well
as the GSI score, is associated with lower GDAP1 DNA methyl-
ation. However, we did not find a correlation between the
amount of alcohol consumed one week before admission to the
hospital and GDAP1 DNA methylation. As the exact amount
of alcohol consumed one week before hospital admission does
not affect GDAP1 DNA methylation, but rather the intensity
and time span of alcohol dependence, GDAP1 DNA methyla-
tion could serve as an indicator of long-term and severe alcohol
dependence rather than for short-term alcohol exposure.

Whereas Philibert et al. did not identify significant differen-
ces in GDAP1 DNA methylation in patients between T1 and
T2, our results show an increase in DNA methylation levels in
patients at T2, which no longer differed from the levels in con-
trol individuals. Our finding therefore supports the hypothesis
of DNA methylation as a reversible process and suggests that

DNA methylation levels return to their previous state, if the
environmental condition underlying the epigenetic alteration—
in this case alcohol dependence—is amended. However, to
prove this hypothesis, it would be necessary to perform a longi-
tudinal study and compare GDAP1 DNA methylation in
patients before and after the onset of the disease. In our study,
we only included patients after disease onset (mean years of
dependency: 12.3 § 9.9 years). After three weeks of attending
an inpatient alcohol treatment program, the GSI score as well
as the OCDS score, a measure of craving severity, decreased sig-
nificantly in our patient cohort, suggesting a positive therapy
outcome. Questionnaires are the most common means to assess
these traits but are not an objective measure as they can be sub-
jectively biased. The reversion of GDAP1 DNA methylation
levels during abstinence could therefore serve as a biological,
more objective indicator of a positive therapy outcome.

Although DNA methylation percentages in our study did
deviate from the ones reported by Philibert and colleagues,32

we are able to replicate and validate the effect of alcohol depen-
dence on GDAP1 DNA methylation. Philibert et al. found the
mean DNA methylation level of cg23779890 to be 19.4% in
patients and 24.3% in control individuals. We measured DNA
methylation levels of 6.6% and 7.8%, respectively. These differ-
ences could be explained as follows.

One major difference between these studies is the source of
material. Philibert and colleagues used mononuclear cells,
whereas we used DNA prepared from whole blood. Whole
blood is a heterogeneous mixture of different cell-types and
blood composition varies from individual to individual and is
depending on numerous factors such as age, sex, and individual
health status. This is of importance as DNA methylation pat-
terns are cell-type specific and could therefore explain the dif-
ferences in DNA methylation levels between our study and the
study by Philibert et al.32

The use of whole blood could be seen as a limitation of our
study. However, we have explicitly chosen to investigate
GDAP1 DNA methylation in whole blood to serve as an epige-
netic biomarker for alcohol dependence and as a potential
gauge of the therapy efficacy in a clinical setting. To be suitable
as a biomarker, the study material needs to be easy and cost
effective to obtain. The preparation and use of mononuclear
cells for clinical diagnostics is impossible, as it is very time-con-
suming and labor-intensive in addition to being more expen-
sive than the usage of whole blood.

In addition, as both the Illumina’s 450K Chip as well as the
pyrosequencing approach have systematic biases the differences
could also be explained by the different methods used. As the
overall congruency between Illumina’s 450K Chip and pyrose-
quencing data is good, there are however specific sites where a
direct translation from b-values originating from the Chip
analysis to DNA methylation levels measured by pyrosequenc-
ing is difficult.43 These include, but are not limited to non-spe-
cific and cross-hybridizing probes, which represent a
combination of multiple loci and therefore can elevate readings
of low methylation or diminish readings of high methylation,
biasing the results.44 Another well-known limitation of pyrose-
quencing is amplification bias. To account for this and to pre-
vent batch effects, the samples were run at least in duplicates
and they were assigned to different positions on different plates.

Table 3. DNA methylation levels, OCDS and GSI scores for patients at T1 vs.
patients at T2. DNA Methylation level errors are given as standard error of the
mean (SE), questionnaire score errors are given as standard deviation (SD).

Patients at T1 Patients at T2 P-value

Site 1 (cg23779890) 6.6 § 0.3 7.3 § 0.3 0.001
Site 2 3.6 § 0.1 3.8 § 0.1 0.033
Site 3 1.9 § 0.1 2.0 § 0.1 0.001
Mean DNA methylation(sites 1 – 3) 4.0 § 0.2 4.4 § 0.2 0.001
OCDS score 3.93§ 1.32 2.71 § 0.96 2.1E-5
GSI score 0.78§ 0.54 0.48 § 0.49 0.008
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However, the overall effect in DNA methylation changes
between patients at T1 and control individuals in both studies
is very similar despite being obtained in 2 distinct cohorts using
different methods (450K Chip analysis vs. pyrosequencing) as
well as different sources of DNA: Philibert et al. found a 4.9%
higher DNA methylation in control individuals compared to
patients; our data show a 1.2% higher DNA methylation. These
data indicate that indeed GDAP1 DNA methylation levels
obtained from whole blood are usable as potential epigenetic
biomarkers of alcohol dependence severity. Although the dif-
ferences in DNA methylation are quite small, the fact that they
can be found in different populations, different tissue as well as
with different analytical methods suggests that GDAP1 DNA
methylation could serve as biological predictor of alcohol
dependence, especially in combination with epigenetic data of
other genes of known influence. Unfortunately, we were not
able to collect a second sample after 3 weeks from those
patients, who did not complete the alcohol treatment. Without
having obtained the DNA methylation levels for this group, we
can only speculate that GDAP1 DNA methylation could also
serve as a biomarker for treatment outcome. Measuring DNA
methylation levels at a second time point from patients, who
do not complete the alcohol treatment, should be taken into
consideration in future studies.

In contrast to Philibert et al., we used a slightly different
matching strategy: The cohort used for this study only consists
of Caucasian men, and patients and control individuals were
matched for age and smoking behavior. The cohort investigated
by Philibert et al. is more heterogeneous, consisting of both
sexes and different ethnicities. Furthermore, 27 patients were
daily smokers, whereas only one control individual was a daily
smoker. This is problematic, because smoking has a major
influence on DNA methylation patterns.45 The authors take
this limitation of their study into consideration by comparing
the overlap of their 10000 most significant probes to the
910 epigenome-wide significant genes found by Dogan et al.,
who evaluated the effect of smoking on DNA methylation.45

Only 22 significant hits were overlapping between the 2 studies,
leading Philibert et al. to the conclusion that the effects they are
reporting are indeed due to alcohol consumption, and are not
biased by differences in smoking behavior. However, this
approach is based on the assumption that Dogan et al. were
able to identify all genes epigenetically altered by smoking,
which is highly unlikely. Furthermore, this strategy does not
take into account potential overlapping effects of both smoking
and alcohol consumption, which displays a high comorbidity
and would therefore have to be further evaluated.

As already mentioned, no associations between the outer mito-
chondrial membrane protein GDAP1 and alcohol dependence
have been reported thus far. Mutations in GDAP1 cause Charcot-
Marie-Tooth (CMT) disease, a hereditary motor, and sensory neu-
ropathy.46 The 2 major causes leading to CMT disease are muta-
tions in PMP22 andMFN2, which directly affect the myelin sheath
and the axon.47,48 Mutations in GDAP1 are associated with
decreased mitochondrial fission activity (recessively inherited) or
an impairment of mitochondrial fusion (dominantly inher-
ited).39,40, 49 The expression of dominantly inheritedmutated forms
of GDAP1 lead to increased production of reactive oxygen species
(ROS).50 Furthermore, wild type GDAP1 has been reported to

protect against oxidative stress.51 As the production of ROS also is
a direct effect of alcohol intake,52 this could be a potential link
explainingGDAP1 hypomethylation in alcohol dependent patients:
DNA hypomethylation should lead to increased expression and
consequently increased protein production in alcohol dependent
patients. Therefore, GDAP1 overexpression could counteract and
compensate for the increased oxidative stress in alcohol depen-
dence. This hypothesis is supported by the fact that DNAmethyla-
tion levels rise after 3 weeks of alcohol treatment. In this time
period, oxidative stress in alcohol dependent patients should be
dramatically reduced. However, as we neither measured GDAP1
expression, nor GDAP1 protein levels or the levels of ROS, this
hypothesis should be followed up in subsequent studies. Further
links betweenCMT and alcohol dependence are provided by recent
studies, showing that a triple-therapy with a combination of nal-
trexone, baclofen, and sorbitol (PXT3003) can improve health of
patients suffering from CMT disease.53,54 While PXT3003 was
shown to downregulate PMP22 mRNA expression and improve
myelination as well as axonal regeneration,53 both naltrexone and
baclofen are also used (partly off-label) to treat alcohol depen-
dence.55 Acting as an opioid antagonist (naltrexone) and a GABA-
B-receptor agonist (baclofen), respectively, these drugs reduce the
rewarding effects of alcohol and inhibit dopaminergic neurotrans-
mission.56 Whether GDAP1 is also influenced by naltrexone and/
or baclofen requires investigation.

The GDAP1 gene is regulated by the transcription factor
YY1.57 Up to date, there is no evidence linking YY1 to alcohol
dependence. However, other putative transcription factor bind-
ing sites include the binding sites of EGR1 and ZNF143, among
others, as analyzed with JASPAR.58 For both transcription fac-
tors, a potential link to alcohol dependence, such as alcoholic
fatty liver disease 59 or the regulation of aldehyde reductase 60

has been previously reported. The lack of functional data is a
limitation of our study. Therefore, future studies are needed to
better understand the regulation of GDAP1 as well as its func-
tion in the context of alcohol dependence and to investigate the
impact of altered DNA methylation on gene expression.

In conclusion, in the present study we were able to validate
and replicate the finding of GDAP1 being significantly hypome-
thylated in alcohol dependent patients compared to healthy
control individuals, which was previously discovered in an epi-
genome-wide association study.32 Furthermore, we show that
these differences in DNA methylation diminish after 3 weeks of
abstinence, leading us to the conclusion that GDAP1 DNA
methylation could serve as a possible epigenetic biomarker for
severity of alcohol dependence and potentially for treatment
outcome. Our data add to the growing body of knowledge on
epigenetic effects in alcohol dependence and support GDAP1
as a novel candidate gene implicated in alcohol dependence.
However, future studies are needed to replicate our finding of
epigenetic changes in GDAP1 during alcohol treatment in inde-
pendent cohorts, as well as to clarify potential mechanisms of
action.

Subjects & methods

This sample was comprised of 49 male patients (mean age
49.14 § 10.47 years) with a diagnosis of alcohol dependence
according to the fourth edition of the Diagnostic and Statistical
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Manual of Mental Disorders (DSM-IV) participating in a 3- or
6-week alcohol treatment program at the Clinic for Psychiatry
and Psychotherapy, Tuebingen. Subjects with any other addic-
tion except nicotine have been excluded, as well as subjects
with any other psychiatric comorbidity necessitating psychiat-
ric medication. Except for 8 patients, the last exposure to alco-
hol before entering the study had not exceeded 72 h. For the
first days of detoxification, clomethiazole was administered if
necessary. Population-based male control individuals (n D 37,
mean age 47.41 § 12.32 years) were recruited from the city of
Tuebingen, Germany and the surrounding area. Control indi-
viduals were matched for age and smoking behavior. Pheno-
typic information about patients and control individuals was
obtained by self-administered questionnaires. The following
questionnaires were used in patients: Alcohol consumption was
assessed using the AUDIT,61 alcohol craving using the OCDS
62 and the global distress level (GSI) using the SCL-90-R.63 The
SCL-90-R and OCDS were repeated after 21 d of detoxification
(T2). Control individuals were screened for problematic alcohol
intake using the AUDIT questionnaire, and control individuals
with an AUDIT-Score > 15 were excluded, as a higher value is
suggestive for alcohol dependence.28 The SCL-90-R question-
naire was used in control individuals as well, and in addition,
demographic information and health status of both—patients
and control individuals—was assessed. All subjects were
Caucasian and provided written informed consent prior to par-
ticipation. The study was approved by the ethics committee of
the University of Tuebingen and was conducted in accordance
with the Declaration of Helsinki.

Ethylenediaminetetraacetic (EDTA) peripheral venous
blood samples were taken from all patients immediately
after hospital admission (T1). After 21 d (§ 2 d) of treat-
ment (T2), a second EDTA-blood sample was taken from
the 33 patients (mean age 48.7 § 10.92 years) who
remained in the program (drop-out rate: 33%). EDTA-blood
from control individuals was drawn immediately after study
inclusion. Blood samples were instantly frozen and kept
at ¡80�C until further usage. DNA was extracted using the
QIAamp DNA Blood Maxi Kit (Qiagen). Genomic DNA
(500 ng) was bisulfite converted using the EpiTect Fast
Bisulfite Conversion Kit (Qiagen) according to the manufac-
turer’s protocol with the following adjustments: incubation
steps at 60�C were prolonged to 15 min (instead
of 10 min); converted DNA was eluted in 20 ml instead of
15 ml and stored at ¡20�C until analysis.

Pyrosequencing was performed as follows: A 166 bp frag-
ment covering the TSS200 region of GDAP1 and partially
overlapping the transcription start site was amplified by PCR
from 2 ml bisulfite-treated DNA using the PCR Primer Set
from the PyroMark CpG Assay GDAP1 (PM00035399) and
the PyroMark PCR Kit (both Qiagen) according to manufac-
turer’s protocol. The CpG Assay GDAP1 covers 3 CpG sites
located within chromosome 8 (site 1 located at 75,262,523,
95 bp upstream of the TSS; site 2 located at 75,262,532, 86 bp
upstream of the TSS; and site 3 located at 75,262,534, 84 bp
upstream of the TSS) and includes the CpG site cg23779890
(site 1) which has been previously implicated by Philibert
et al.32 The 3 CpG sites are part of a larger CpG island includ-
ing 48 CpG sites (chr8:75,262,522-75,263,044).

Cycling conditions were as follows: 95�C for 15 min; 94�C
for 30 s, 56�C for 30 s, 72�C for 30 s (45 cycles); 72�C for
10 min. To detect potentially biased amplification of differen-
tially methylated fragments, DNA samples with known methyl-
ation levels (0%, 25%, 50%, 75%, and 100%) were included as
controls (EpiTect Control DNA, Qiagen) in the amplification
and the pyrosequencing reaction.

PCR products and a no template control were visualized on
a 2% agarose gel to verify successful amplification and specific-
ity of the products. Processing of the PCR amplicons for the
pyrosequencing analysis was performed in accordance with the
manufacturer�s protocol and PCR products were then pyrose-
quenced using the PyroMark Q24 system (Qiagen) and the
sequencing primer from the PyroMark CpG Assay GDAP1
(PM00035399). The percentage of methylation at each of the
3 CpG sites analyzed was quantified using the PyroMark Q24
software version 2.0.6 (Qiagen). Pyrosequencing was performed
in duplicates. To avoid plate effects, samples from patients and
control individuals were mixed on each plate and the samples
were randomly assigned to different wells for the 2 sequencing
runs. For quality control the coefficient of variance (CV) was
calculated. For the 33 samples (18 control individual samples,
14 patient samples at T1 and 1 patient sample at T2) where the
CV between 2 runs for any site was � 0.3, a third measurement
was obtained. The outlier was eliminated from further analysis,
and only the 2 remaining values were used. Using this approach
led to a maximum variation of 2.02%. Typically, an intra-sam-
ple variation of � 3% is considered reliable.

Statistical analysis was conducted using SPSS version 21.0
(IBM). Each site was examined individually. DNA methylation
levels were not normally distributed according to the Shapiro-
Wilk test. Hence, non-parametric test methods were applied.
Differences in the percentage of DNA methylation between the
patient group and the control group were analyzed using the
Mann-Whitney U test. For identifying differences in DNA
methylation, GSI score, and OCDS score between the 2 time
points T1 and T2 of the patients, the Wilcoxon test was used.
Correlations between continuous variables were tested using
the Spearman correlation test. A significance level of P � 0.05
was considered significant.
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