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A B S T R A C T   

Drug dependence is a neuropsychiatric condition that involves genetic, epigenetic and environmental factors. 
Allele-specific methylation (ASM) is a common and stable epigenetic mechanism that involves genetic variants 
correlating with differential levels of methylation at CpG sites. We selected 182 single-nucleotide polymorphisms 
(SNPs) described to influence cis ASM in human brain regions to evaluate their possible contribution to drug 
dependence susceptibility. We performed a case-control association study in a discovery sample of 578 drug- 
dependent patients (including 428 cocaine-dependent subjects) and 656 controls from Spain, and then, we 
followed-up the significant associations in an independent sample of 1119 cases (including 589 cocaine- 
dependent subjects) and 1092 controls. In the discovery sample, we identified five nominal associations, one 
of them replicated in the follow-up sample (rs6020251). The pooled analysis revealed an association between 
drug dependence and rs6020251 but also rs11585570, both overcoming the Bonferroni correction for multiple 
testing. We performed the same analysis considering only cocaine-dependent patients and obtained similar re
sults. The rs6020251 variant correlates with differential methylation levels of cg17974185 and lies in the first 
intron of the CTNNBL1 gene, in a genomic region with multiple histone marks related to enhancer and promoter 
regions in brain. Rs11585570 is an eQTL in brain and blood for the SCP2 and ECHDC2 genes and correlates with 
differential methylation of cg27535305 and cg13461509, located in the promoter regions of both genes. To 
conclude, using an approach that combines genetic and epigenetic data, we highlighted the CTNNBL1, SCP2 and 
ECHDC2 genes as potential contributors to drug dependence susceptibility.   

1. Introduction 

Drug use is a major health problem worldwide, with about 35 million 

people, or 0.7% of the global adult population being affected by illegal 
substance use disorders (UNODC, 2019) and 5.1% affected by alcohol 
use disorders (World Health Organization, 2018). Drug dependence is a 
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complex psychiatric disorder in which genetic and environmental risk 
factors are involved. Heritability estimates of addiction range from 39 to 
72%, depending on the drug of abuse (Ducci and Goldman, 2012). 
Although multiple studies have been performed to understand the ge
netic basis of drug dependence (reviewed by Bühler et al., 2015; Eden
berg et al., 2019; Jensen, 2016; Mulligan, 2019), the underlying 
molecular mechanisms are still largely unknown. It has been widely 
suggested that epigenetics, and particularly DNA methylation, may have 
a role in addiction (Cadet et al., 2016; Hamilton and Nestler, 2019), as 
the interplay between genetic and environmental factors. Furthermore, 
DNA methylation is implicated in the regulation of multiple brain events 
like neurogenesis, differentiation and brain development (Ladd-Acosta 
et al., 2007) in addition to synaptic plasticity, memory formation and 
acquired behavior (Bashtrykov and Jeltsch, 2017), many of them 
involved in the transition from drug use to dependence. 

DNA methylation is a common and stable epigenetic mechanism 
catalyzed by DNA methyltransferases (DNMT) that add a methyl group 
usually to the cytosine of a CpG dinucleotide (Klose and Bird, 2006). 
DNMT expression alterations have been linked to drug dependence and 
to other psychiatric disorders like schizophrenia (Ajonijebu et al., 2017). 
Regarding specific drugs, methamphetamine and cocaine administra
tion have been related to expression changes of some DNMT isoforms 
that lead to changes in DNA methylation in the brain (Cadet et al., 
2016). Furthermore, cocaine has also been related to an increased 
expression of methyl-CpG binding protein 2 (Cadet et al., 2016). Based 
on growing evidence that links DNA methylation with addiction, a 
pretreatment with methionine, a methyl donor, has been proposed as a 
possible therapy for this disorder (Brown and Feng, 2017). 

Allele-specific methylation (ASM) is an epigenetic mechanism in 
which the genotype of a genetic variation correlates with DNA 
methylation (usually of a CpG dinucleotide) either in cis or in trans 
(Meaburn et al., 2010). It is quantitative and heterogeneous across tis
sues and individuals (Meaburn et al., 2010) and can lead to 
allele-specific expression (ASE) through the alteration of the activity of 
gene promoters (Gaur et al., 2013). During the last decade, several 
studies have focused on the identification of ASM SNPs in multiple 
human tissues (Do et al., 2017), some of them in brain regions (Gibbs 
et al., 2010; Zhang et al., 2010). Remarkably, ASM has previously been 
associated with psychiatric disorders, such as autism (Andrews et al., 
2017), bipolar disorder (Chuang et al., 2013), schizophrenia (Gagliano 
et al., 2016; Wu and Pan, 2019) or ADHD (Pineda-Cirera et al., 2019). 

The present study aims at elucidating the contribution of ASM to 
drug dependence susceptibility through a case-control study in a Span
ish sample with European ancestry. 

2. Material and methods 

2.1. Subjects 

The discovery sample consisted of 578 substance-dependent patients 
(including 428 cocaine-dependent subjects) and 656 control individuals 
and the follow-up sample included 1119 substance-dependent patients 
(with 843 cocaine-dependent subjects) and 1092 control individuals 
(Fig. 1 and Supplementary Table 1). Both samples had the same sex ratio 
in the case and control groups and all individuals were Spanish, with 
European ancestry and unrelated. Patients were diagnosed under DSM- 
IV-TR criteria (Diagnostic and Statistical Manual of Mental Disorders, 
4th ed., text revision) and the SCID-I (Structured Clinical Interview) 
(First et al., 1997) at the Addiction and Dual Diagnosis Section of the 
Department of Psychiatry at Hospital Universitari Vall d’Hebron (Bar
celona, Spain). Patients were included in the study if they met the 
criteria for dependence to at least one drug of abuse (Fig. 1). The control 
individuals were blood donors recruited at the Blood and Tissues Bank of 
Barcelona, who had not injected drugs intravenously. The study was 
approved by the ethics committee of our institution according to the 
Helsinki Declaration, the study design was reviewed by an appropriate 

ethical committee and informed consent was obtained from all partici
pants. Population stratification was previously discarded in part of our 
sample (Fernàndez-Castillo et al., 2013). 

2.2. DNA isolation and quantification 

Genomic DNA was isolated from peripheral blood using the salting- 
out method (Miller et al., 1988). DNA concentration of all samples was 
measured on a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies, Thermo Fisher Scientific Inc., Wilmington, DE, USA). 
DNA concentration for the discovery sample was also quantified using 
Picogreen (Life Technologies, Carlsbad, CA, USA) with a Glomax®-Multi 
Detection System (Promega, Madison, WI, USA). 

2.3. Selection of allele-specific methylation SNPs and genotyping 

The SNP selection was made based on two previous studies that listed 
ASM variants for multiple brain regions of postmortem human samples 
(Gibbs et al., 2010; Zhang et al., 2010). Gibbs et al. (2010) considered 
four brain regions (cerebellum, frontal cortex, caudal pons and temporal 
cortex) of 150 subjects and Zhang et al. (2010) used only the cerebellum 
of another group of 153 subjects. Genomic variants located within the 
probe sequences used in methylation arrays may affect their binding 
affinity and cause inaccurate methylation measurements. To avoid po
tential artefacts in our results, we confirmed that the probes used to 
detect the CpG sites reported by us do not target genomic regions con
taining common genetic variants. 

In the study by Zhang et al. (2010) a total of 12,117 SNP-CpG pairs 
associations were reported in cerebellum and Gibbs et al. (2010) listed a 

Fig. 1. Distribution of the four main addictions in the patients’ sample 
(cocaine, cannabis, alcohol and opiates). Other addictions with a frequency 
lower than 10% are not displayed. A) Discovery sample. B) Replication sample. 
The percentage of cases addicted to more than one drug is 65.7% (A) and 
31.5% (B). 
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total of 12,135 SNP-CpG pairs in frontal cortex, 11,374 in caudal pons, 
16,734 in temporal cortex and 12,102 in cerebellum (Fig. 2). We com
bined the two studies and obtained a total of 43,132 SNP-CpG pairs 
involving 33,944 different SNPs and 5306 CpG sites (Fig. 2). 

We selected ASM SNPs showing high correlations between the SNP 
and the methylation levels of a CpG site in cis (threshold set at R2 ≥ 0.5). 
Per each CpG site, we selected the SNP showing the highest R2 and, in 
case of a tie, the SNP closest to the CpG site (Fig. 2). In almost all cases 
the SNP showing the highest R2 matched across tissues. However, oc
casionally this did not occur, so that for one of the tissues a variant 
different from the selected SNP displayed a higher correlation (R2). In 
those cases, we calculated the linkage disequilibrium (LD) between the 
selected variant and the variant of highest R2 in the particular tissue to 
take into account information redundancy. Thus, if the two SNPs were in 
high LD (r2 ≥ 0.75), we did not consider the second SNP, but in case of 
lower LD values (r2 < 0.75), we also selected the SNP with higher R2 for 
this particular tissue. Using these criteria, we ended up with 182 SNPs 
(Fig. 2 and Supplementary Table 2). 

The linkage disequilibrium (LD) analysis was carried out using 
Haploview software (Barrett, 2009) with the Central European (CEU) 
reference panel from HapMap (www.hapmap.org; release 23). 

The genotyping of the discovery sample was performed using the 
BioMark HD System (Fluidigm, CA, USA) by the “Servicio General de 
Genómica: Unidad de Secuenciación y Genotipado de la Universidad del 
País Vasco”, Spain. The genotyping of the replication sample was done 
with the KASP technology (LGC Biosearch Technologies, CA, USA) and 
was performed by LGC genomics, UK. Both assays are based on 
competitive allele-specific PCR that enable bi-allelic scoring of single 
nucleotide polymorphisms (SNPs) through a fluorescence-based detec
tion. Primers used under the two genotyping technologies were designed 
by the corresponding company. Duplicates of some samples and nega
tive controls were included in the genotyping of both the discovery and 
replication samples. 

2.4. Statistical analysis 

First, we assessed if there were significant age differences between 
cases and controls since means differed considerably (Supplementary 

Table 1). The Saphiro-Wilk test determined the data was not fitting a 
normal distribution and hence, we used the non-parametric test U Mann- 
Whitney with SPSS22 (SPSS Inc., Chicago, IL, USA) and obtained sig
nificant differences in age between cases and controls both in the dis
covery and in the replication samples. 

We excluded from the association study those SNPs with more than 
5% missing genotypes. Hardy-Weinberg equilibrium (HWE) was tested 
for all the SNPs separately in controls and cases using the SNPassoc 
package of the R library (González et al., 2007), and those showing 
departure from HWE (p < 0.01) were excluded. The case-control asso
ciation test was carried out using the same package, which considers 
four different models: additive, dominant, recessive and codominant. As 
we detected differences in age between cases and controls, we also 
calculated and presented all the p-values adjusted by age. 

For the discovery sample we only considered the additive model to 
limit the number of tests. The SNPs that showed nominal associations in 
the discovery sample, and remained significant after adjusting by age, 
were subsequently assessed in the replica sample under the different 
genetic models. Then, we conducted a pooled analysis of all the in
dividuals from the discovery and replica samples under the model 
showing the best performance. Finally, we assessed whether the asso
ciations obtained survived the Bonferroni correction for multiple testing 
by setting the p-value thresholds for each analysis (discovery sample: p 
= 2.9E-04 (0.05/173 tests; considering 173 SNPs and one genetic 
model); replication sample: p = 2.5E-03 (0.05/20 tests; considering 5 
SNPs and four models); and pooled analysis: p = 1E-02 (0.05/5 tests; 
considering 5 SNPs and one model)). We considered that one SNP sur
vived the Bonferroni correction for multiple testing if both p-values, 
adjusted and non-adjusted by age, were under the threshold. 

2.5. Functional annotation 

We investigated the possible functional role of the associated ASM 
SNPs using different tools. First, we evaluated the predicted effect of the 
variant on the binding of transcription factors using the FeatSNP tool 
(Ma et al., 2019). Second, we evaluated whether the ASM SNPs are 
located in a region with histone marks related to enhancer regions 
(H3K4me1 and H3K27ac) and promoter regions (H3K4me3 and 

Fig. 2. Selection of allele-specific methylation (ASM) SNPs from two previous studies.  
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H3K9ac) using the Haploreg v4.1 tool (Ward and Kellis, 2016) and 
considering all the available brain regions. Finally, we inspected the 
possible effect of the associated variants on gene expression checking if 
they were described to be eQTLs (expression quantitative trait loci) 
using GTEx data (Release V8) (Lonsdale et al., 2013). We considered 
eQTL information for blood and from all available brain tissues. 

3. Results 

The aim of the present study was to assess the contribution to drug 
dependence susceptibility of SNPs showing allele-specific methylation 
in brain regions. Starting from two previous studies (Gibbs et al., 2010; 
Zhang et al., 2010) that report more than 43,000 SNP-CpG pairs in 
several brain tissues, we selected 182 SNPs (Fig. 2 and Supplementary 
Table 2). The selection was restricted to variants showing a high cor
relation in cis with methylation levels (R2 ≥ 0.5), taking only one SNP 
per CpG site to avoid redundancies. We further excluded 8 SNPs from the 
analysis that showed more than 5% of missing genotypes and one SNP 
that deviated from Hardy-Weinberg equilibrium (Supplementary 
Table 2). Finally, a total of 173 SNPs were investigated through a 
case-control association study in a Spanish sample of drug-dependent 
individuals and the corresponding controls, all with European ancestry 
(Supplementary Table 2). 

In the discovery sample (578 cases and 656 controls) we tested the 
additive model and identified five SNPs nominally associated with drug 
dependence: rs823080, rs3766612, rs6020251, rs9891018 and 
rs11585570 (Supplementary Table 3). We followed up these five asso
ciations in an independent sample (1119 cases and 1092 controls) 
considering the additive, dominant, recessive and codominant models 
and the association between rs6020251 and drug dependence was 
replicated under the recessive one (P = 4.79E-02; Padjage = 3.86E-02) 
(Table 1A and Supplementary Table 4). We also performed a pooled 
analysis under the recessive model including the discovery and repli
cation samples where rs6020251 (P = 3.70E-03; Padjage = 2.35E-03) 
and also rs11585570 (P = 1.54E-03; Padjage = 7.65E-03) remained 
associated with drug dependence, overcoming the Bonferroni correction 
for multiple testing correction (Table 1A). 

We then performed the association analysis for the subset of cocaine- 
dependent patients (about 60% of our patients’ sample) under the 
recessive model. Both variants showed the same direction of association 
as in the analysis for drug dependence, and interestingly, rs6020251 
survived the Bonferroni correction for multiple testing in the pooled 
analysis (Table 1B). 

Rs6020251 correlated with differential levels of methylation of 
cg17974185 (R2 ≥ 0.6) in all four brain areas studied (Gibbs et al., 2010; 
Zhang et al., 2010), with the risk allele A associated with higher levels of 
methylation (Fig. 3A and Table 2). The SNP is located 26 bp upstream 
from the CpG site (cg17974185) and both lie within the first intron of 
the CTNNBL1 reference transcript isoform, about 900 bp downstream 
from the transcription start site (TSS) and at the 5′ end of other isoforms 
of the same gene (49–82 kb 5’ from the TSS of the other isoforms) 
(Fig. 3A). Remarkably, this variant lies in a region with multiple brain 
histone marks related to enhancer and promoter regions (Table 2 and 
Supplementary Table 5). Finally, it is also predicted to increase the 
binding affinity of four transcription factors: NKX3-2, NKX3-1, ZNF354C 
and ISL2 (Table 2 and Supplementary Table 6). It is important to 
highlight that the SNP rs6020251 is in high LD (r2 ≥ 0.85) with other 
SNPs that also correlated with differences in methylation of cg17974185 
and were not genotyped in this study (Supplementary Table 7). 

On the other hand, rs11585570 correlates with differential levels of 
methylation of cg27535305 (R2 > 0.5) in three brain areas, but also with 
cg13461509 (R2 ≥ 0.27) in three regions (Fig. 3B and Table 2). In both 
cases, the risk allele C is associated with higher levels of methylation 
(Fig. 3B and Table 2). This variant is an eQTL for SCP2 and ECHDC2 in 
different brain areas and in blood, with the risk allele C associated with 
less gene expression (Fig. 3B and Table 2). Interestingly, both CpG sites, 
cg27535305 and cg13461509, lie in the possible promoter regions of the 
SCP2 and ECHDC2 genes (Fig. 3B). The cg27535305 lies about 400 bp 
and 5.3 kb upstream from the TSS of the SCP2 and the ECHDC2 reference 
transcripts, respectively. The cg13461509 lies about 5.4 kb and 200 bp 
upstream from the TSS of the SCP2 and the ECHDC2 reference tran
scripts, respectively. Furthermore, rs11585570 is predicted to affect the 
binding of the transcription factor HOXA5, with an increase in the af
finity when the risk allele C is present (Table 2 and Supplementary 
Table 6). The SNP rs11585570 is also in high LD with other SNPs 
affecting methylation of these two CpG sites and with a possible func
tional effect (Supplementary Table 7). 

4. Discussion 

Epigenetic factors are known to mediate the link between genetics 
and environment, which makes them ideal candidates as risk factors for 
psychiatric conditions. DNA methylation, and particularly ASM, has 
been investigated as a potential etiological factor in multiple psychiatric 
disorders. An enrichment of ASM SNPs in genome-wide association 
studies (GWAS) has been reported in psychiatric disorders like 

Table 1 
Significant associations under the recessive model with A) drug dependence and B) cocaine dependence.  

A  Discovery Replication Pooled analysis 
(578 cases- 656 controls) (1119 cases- 1092 controls) (1697 cases- 1748 controls) 

SNP ASM for CpG 
site(s) 

Chr Position Alleles 
(1/2) 

p- 
value 

Adj. p- 
value 

OR [95% 
CI]2 

p- 
value 

Adj. p- 
value 

OR [95% 
CI]2 

p- 
value 

Adj. p- 
value 

OR [95% 
CI]2 

rs11585570 cg27535305/ 
cg13461509 

1 53,438,130 T/C 3.00E- 
05 

2.70E- 
04 

2.12 
[1.40–3.19] 

– – – 1.54E- 
03 

7.65E- 
03 

1.36 
[1.08–1.71] 

rs6020251 cg17974185 20 36,323,314 G/A 2.98E- 
02 

2.15E- 
02 

2.21 
[1.11–4.40] 

4.79E- 
02 

3.86E- 
02 

1.53 
[1.02–2.29] 

3.70E- 
03 

2.35E- 
03 

1.70 
[1.20–2.41]  

B  Discovery Replication Pooled analysis 
(426 cases- 647 controls) (589 cases- 1001 controls) (1015 cases- 1648 controls) 

SNP ASM for CpG 
site(s) 

Chr Position Alleles 
(1/2) 

p- 
value 

Adj. p- 
value 

OR [95% 
CI]2 

p- 
value 

Adj. p- 
value 

OR [95% 
CI]2 

p- 
value 

Adj. p- 
value 

OR [95% 
CI]2 

rs11585570 cg27535305/ 
cg13461509 

1 53,438,130 T/C 4.01E- 
04 

6.17E- 
03 

1.89 
[1.19–2.99] 

– – – 3.19E- 
03 

1.25E- 
02 

1.43 
[1.08–1.89] 

rs6020251 cg17974185 20 36,323,314 G/A 4.35E- 
02 

2.32E- 
02 

2.41 
[1.11–5.22] 

2.10E- 
02 

5.39E- 
03 

2.05 
[1.23–3.39] 

2.66E- 
03 

4.80E- 
04 

2.11 
[1.38–3.21] 

SNP: Single Nucleotide Polymorphism; ASM: Allele-Specific Methylation; Chr: Chromosome; Position: build hg19; Adj. P-value: p-value adjusted by age; All alleles are 
reported in the forward strand; Risk allele underlined; In bold: associations overcoming the Bonferroni correction for multiple testing (discovery sample: p < 2.9E-04; 
replication sample: p < 2.5E-03; pooled analysis: p < 1E-02). 
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schizophrenia and ADHD (Gagliano et al., 2016; Pineda-Cirera et al., 
2019). In the present study, we have explored the possible contribution 
to substance use disorders of ASM variants previously described in the 
human brain and studied their possible impact on gene expression. Thus, 
we have been able to identify two genetic variants (rs6020251 and 
rs11585570), that influence methylation at nearby CpG sites, associated 
with drug dependence and particularly with cocaine dependence 
through a case-control association study in a Spanish sample with Eu
ropean ancestry. 

In general, ASM is associated with genetic variation in cis (up to 1 
Mb), although there is also a proportion of variation in trans. Thus, SNPs 
located far away from CpG sites can also have an impact on methylation 
(Meaburn et al., 2010). There are multiple mechanisms that can lead to 
ASM, for instance SNPs that affect the binding of regulatory proteins like 
transcription factors or the transcriptional repressor CTCF (Do et al., 
2016; Tycko, 2010). Any alteration of these protein-DNA interactions by 
the effect of SNP variants can lead to changes in the 3D structure of the 
DNA and therefore, produce effects on distant CpG sites. In the two 
studies that we used to select ASM in brain, most of the reported effects 
were in cis (up to 1 Mb). Thus, Gibbs calculated an average distance of 
81 kb between the SNP and the CpG site in associations in cis, which 
implies that SNPs that are distant from CpG sites can also influence their 
methylation (Gibbs et al., 2010). In general, in these studies, multiple 
SNPs (most of them in high LD) do correlate with methylation levels of a 
single CpG site. Considering this and in order to minimize redundancy, 

we did not inspect all the SNP variants reported to influence methylation 
at every CpG site. Instead, we selected the SNP showing the best cor
relation with methylation for each site. Therefore, there are other SNPs 
displaying ASM for the same CpG sites in high LD with the reported ones 
that could be the ones involved in the effect on DNA methylation 
(Supplementary Table 7). Importantly, the two variants identified in our 
study highlight CpG sites that could have a role in drug dependence. 

The rs6020251 variant was associated with drug dependence and 
also specifically with cocaine dependence in two independent samples 
and correlates with the methylation levels of cg17974185, that lies in 
the first intron of the CTNNBL1 gene (Fig. 3A). Noteworthy, this variant 
is in a region with multiple histone marks related to enhancer and 
promoter regions in multiple brain areas and is predicted to affect the 
binding of four TFBS (Table 2 and Supplementary Tables 5 and 6), 
reinforcing its role in regulation. Furthermore, this SNP has been re
ported to be an mQTL (methylation quantitative trait loci) in human 
fetal brain (Hannon et al., 2015). The CTNNBL1 is expressed in most 
tissues, including brain, and encodes a component of the PRP19-CDC5L 
protein complex, an integral part of the spliceosome involved in the 
activation of pre-mRNA splicing (van Maldegem et al., 2015). Interest
ingly, CTNNBL1 has been associated with obesity (Liu et al., 2008) and 
with memory (Papassotiropoulos et al., 2013), both related to drug 
dependence (Goodman and Packard, 2016; Kutlu and Gould, 2016; 
Volkow et al., 2013, Volkov et al., 2017). The effect of food in obesity 
resembles that of the drug in addiction, as both result in powerful 

Fig. 3. Genomic context of A) rs6020251 and the associated CpG site cg17974185. B) rs11585570 and the associated CpG sites cg27535305 and 
cg13461509. Associated SNPs are framed in green, showing below the risk allele for drug dependence. Genes are depicted in dark blue, showing the direction of 
transcription with an arrow; CpG islands are represented in gray; CpG sites inspected in the reference studies appear in pink; framed CpG sites indicate those sites 
showing differential levels of methylation for the associated ASM SNPs; arrows indicate the effect on methylation/expression of the risk variants, with indication of 
the brain regions where it is described. GRCh37/hg19 assembly was used. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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Table 2 
Functional annotations for the risk alleles of the significant associations with drug and cocaine dependence.   

bEffect on methylation cEpigenetic marks dEffect on expression eEffect on TFBS motifs 

SNP Risk 
allele 

aGene Effect CpG site Tissue p- 
value 

R2 Enhancer Promoter Effect Gene Tissue Effect 
size 

p- 
value 

Effect TF TFBS 
score 

p- 
value 

rs11585570 C ECHDC2 
SCP2 

↑ cg27535305 Frontal 
Cortex 

2.08E- 
26 

0.58 – – ↓ ECHDC2 Cerebellar 
Hemisphere 

− 0.26 3.30E- 
05 

↑ HOXA5 10.04 1.69E- 
04 

Pons 1.41E- 
20 

0.51 Cerebellum − 0.31 6.50E- 
06 

Temporal 
Cortex 

6.04E- 
33 

0.68 Nucleus 
accumbens 

− 0.16 3.00E- 
06 

Whole blood − 0.24 6.60E- 
36 

↑ cg13461509* Cerebellum 1.91E- 
10 

0.32 ↓ SCP2 Cerebellar 
Hemisphere 

− 0.23 9.90E- 
07 

Frontal 
Cortex 

2.10E- 
10 

0.27 Cerebellum − 0.20 6.10E- 
05 

Temporal 
Cortex 

2.97E- 
11 

0.30 Cortex − 0.13 3.10E- 
05 

Whole blood − 0.21 8.10E- 
21 

rs6020251 A CTNNBL1 ↑ cg17974185 Cerebellum 1.29E- 
24 

0.63 15 16 - - - - - ↑ NKX3.2 9.02 3.08E- 
04 

Frontal 
Cortex 

6.22E- 
29 

0.62 NKX3.1 9.05 2.88E- 
04 

Pons 2.55E- 
28 

0.63 ZNF354C 8.08 1.22E- 
03 

Temporal 
Cortex 

2.85E- 
27 

0.61 ISL2 8.20 5.08E- 
04 

SNP: Single Nucleotide Polymorphism; Risk allele: All alleles are reported in the forward strand; Enhancer: Number of H3K4me1 and H3K27ac marks; Promoter: Number of H3K4me3 and H3K9ac marks; TF: Transcription 
Factor; TFBS: Transcription Factor Binding Site; TFBS score: estimation of fitness between TFBS motif position weight matrix (PWM) and target sequence by using log-likelihood calculation method. Higher score indicates 
a higher similarity of target sequence to TFBS motif PWM; *CpG site also correlating with methylation levels with the ASM SNP but with a lower R2 < 0.5, the restrictive threshold selected for this study; ↑: Hyper
methylation/Higher similarity of target sequence to TFBS motif; ↓: Hypomethylation/Underexpression; "-": No significant data for the SNP. 

a Gene: Genes with the reported CpG sites lying in their possible regulatory regions (promotor or first intron). 
b Described in Zhang et al. (2010) and Gibbs et al. (2010). 
c Histone marks found in brain areas. 
d eQTL information for brain tissues and whole blood obtained from GTEx database. 
e Information obtained from FeatSNP tool. 
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reinforcing effects characterized by an increase of dopamine in brain 
(Volkow et al., 2013, Volkov et al., 2017). Additionally, it has been 
suggested that individuals presenting obesity or drug dependence have 
impairments in the dopaminergic pathways that mediate reward (Vol
kow et al., 2013, Volkov et al., 2017). About memory, it is known that 
drug use is related to maladaptive memories that support drug addiction 
and relapse. Moreover, drugs of abuse are often related to disrupted 
learning (Goodman and Packard, 2016; Kutlu and Gould, 2016). 

The rs11585570 variant was found associated with drug and with 
cocaine dependence in the discovery sample but not in the replication 
dataset, although the pooled analysis yielded significant results. This 
variant correlates with differential levels of methylation of two CpG sites 
(cg27535305 and cg13461509) that lie in the promoter regions of the 
SCP2 and ECHDC2 genes (Fig. 3B) and is also predicted to affect the 
binding of a transcription factor, HOXA5 (Table 2 and Supplementary 
Table 6). In general, DNA methylation in promoter regions inversely 
correlates with levels of gene expression (Li and Zhang, 2014), and this 
is observed with variant rs11585570, where the risk allele C is associ
ated with hypermethylation of cg27535305 and cg13461509 in brain 
and to downregulation of SCP2 and ECHDC2 in brain and blood (Fig. 3B 
and Table 2). Furthermore, cg13461509 methylation also correlates 
with the expression of SCP2 in peripheral blood (Wu et al., 2018), 
pointing it out as a possible biomarker for the disorder. Remarkably, the 
variant rs11585570 is an eQTL for the ECHDC2 gene in the nucleus 
accumbens, a key area in addiction. Addictive drugs increase the 
extracellular concentration of dopamine in the nucleus accumbens, a 
neurotransmitter involved in reward and motivation, two main features 
of addiction (Di Chiara, 2002; Di Chiara et al., 2004; Koob and Volkow, 
2016). This effect on gene expression in the nucleus accumbens is 
highlighting a possible window to be studied in depth to understand the 
specific role of this variant to drug dependence susceptibility. The SCP2 
and ECHDC2 genes are expressed in most tissues, including brain. 
ECHDC2 is involved in the metabolism of fatty acids and lipids and SCP2 
plays a role in the lipid transfer between membranes and interestingly, 
was found increased in the brain of mice exposed to alcohol (Myer
s-Payne et al., 1996). 

All these evidences and predictions together with the results ob
tained in the present work support the functional role of these variants at 
an epigenetic level, involving methylation of the CpG sites cg17974185, 
cg27535305 and cg13461509 in addiction. Furthermore, two of the 
highlighted genes (SCP2 and CTNNBL1) were previously linked to other 
disorders or conditions related to drug dependence (Liu et al., 2008; 
Myers-Payne et al., 1996; Papassotiropoulos et al., 2013). 

There are several strengths and limitations of this study that should 
be discussed. Multiple factors may influence the statistical power of an 
association study, for instance sample size, homogeneity of the sample 
used or prevalence of the disease in the general population (Nsengimana 
and Bishop, 2017). Sample size is one of the most important elements 
that contribute to statistical power and it directly correlates with it 
(Hong and Park, 2012). The sample size of this study is substantially 
larger than the ones used in previous studies on drug dependence; 
nonetheless, it is still limited taking into account that most of the vari
ants contributing to complex disorders like addiction have modest ef
fects. Homogeneity of the sample used is also relevant, since 
heterogeneity could lead to false positives (Nsengimana and Bishop, 
2017). In order to control this, all subjects included in our study were 
Spanish, with European ancestry, recruited in Barcelona (Spain), sex 
ratios were similar in cases and controls, and all patients were evaluated 
in the same hospital and under the same clinical assessment. In the 
present study, we used non-screened controls from the general popula
tion, as previously done by several GWAS of drug addiction (Cab
ana-Domínguez et al., 2019; Ikeda et al., 2013; Johnson et al., 2015; 
Kalsi et al., 2016). Although we could not assess drug dependence in 
control individuals, the impact of the contamination of cases within the 
control sample is expected to be low, given that only 0.7% of the global 
population aged 15–64 suffer from illicit drug use disorders (UNODC, 

2019) and 5.1% of the global population aged 15 years and older suffer 
from alcohol use disorders (World Health Organization, 2018). How
ever, as this design could eventually dilute positive findings (false 
negative results), other studies in worldwide cohorts are needed to 
support the results obtained here and to further delineate the contri
bution of ASM to the disorder. In association studies it is also necessary 
to minimize marker redundancies to improve statistical power. Lastly, 
replication studies in independent samples are widely used to confirm 
the association and direction of the effect of genetic variants identified 
in a discovery sample (Chanock et al., 2007). When a variant replicates 
in a follow-up sample, its association with the evaluated phenotype is 
reinforced (Chanock et al., 2007). In this work, although the associations 
found in the discovery sample were nominal, we were able to replicate 
one of them in a second sample that doubled the size of the discovery. 
Moreover, this hit and a second one showed association in a pooled 
analysis combining the discovery and replication samples, strengthening 
the results obtained. 

In conclusion, we report an association of rs6020251 and 
rs11585570 with drug dependence and with cocaine dependence. 
Interestingly, these SNPs correlate with methylation levels of nearby 
CpG sites (Gibbs et al., 2010; Zhang et al., 2010) that are located in 
possible regulatory regions of the CTNNBL1 or the SCP2 and ECHDC2 
genes, respectively. In addition, the risk allele of rs11585570 is associ
ated with a lower expression of SCP2 and ECHDC2 in brain and blood. 
Our results highlight these genes as new candidates for involvement in 
the susceptibility to drug dependence, although further functional 
studies are needed to ascertain their possible role in the disorder. 
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d’Ajuts Universitaris i de Recerca - AGAUR, Generalitat de Catalunya’ 
[grant number 2017-SGR-738]. MR received funding from the ‘Instituto 
de Salud Carlos III’ [grant numbers PI16/01505, PI17/00289 and PI18/ 
01788] and was cofinanced by the European Regional Development 
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Cintas, L., Sánchez-Mora, C., Gratacòs, M., Ramos-Quiroga, J.A., Casas, M., 
Ribasés, M., Cormand, B., 2013. Association study of 37 genes related to serotonin 
and dopamine neurotransmission and neurotrophic factors in cocaine dependence. 
Gene Brain Behav. 12, 39–46. 

First, M.B., Spitzer, S.R., Gibbon, M., Williams, J.B.M., 1997. Structured Clinical 
Interview for DSM-IV Axis I Disorders (SCID). Am. Psychiatr. Press. 

Gagliano, S.A., Ptak, C., Mak, D.Y.F., Shamsi, M., Oh, G., Knight, J., Boutros, P.C., 
Petronis, A., 2016. Allele-skewed DNA modification in the brain: relevance to a 
schizophrenia GWAS. Am. J. Hum. Genet. 98, 956–962. 

Gaur, U., Li, K., Mei, S., Liu, G., 2013. Research progress in allele-specific expression and 
its regulatory mechanisms. J. Appl. Genet. 54, 271–283. 

Gibbs, J.R., van der Brug, M.P., Hernandez, D.G., Traynor, B.J., Nalls, M.A., Lai, S.L., 
Arepalli, S., Dillman, A., Rafferty, I.P., Troncoso, J., Johnson, R., Zielke, H.R., 
Ferrucci, L., Longo, D.L., Cookson, M.R., Singleton, A.B., 2010. Abundant 
quantitative trait loci exist for DNA methylation and gene expression in Human 
Brain. PLoS Genet. 6, e1000952. 
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