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PREAMBLE 

This is a cumulative thesis consisting of two studies I was the first author on. The first 
Epigenome-wide Association Study of Alcohol Use Disorder in Five Brain Regions was 
published in Neuropsychopharmacology and is presented in chapter 2 of this thesis. 
The second study Multi-omics Signatures of Alcohol Use Disorder in the Dorsal and 
Ventral Striatum was published in Translational Psychiatry and can be found in chapter 
3. I was involved in the conception of both studies. I performed the literature research, 
developed the analysis plan and performed all bioinformatic analyses independently 
and under the supervision of the co-authors. I wrote both manuscripts and revised 
them according to the co-authors and the reviewer’s input. 
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Heimbach, S., Dukal, H., Degenhardt, F., Hoffmann, P., Hansson, A. C., Nöthen, M. 
M., Rietschel, M., Spanagel, R., & Witt, S. H. (2022). Epigenome-wide association 
study of alcohol use disorder in five brain regions. Neuropsychopharmacology, 47(4), 
832-839. https://doi.org/10.1038/s41386-021-01228-7  
 
Zillich, L., Poisel, E., Frank, J., Foo, J. C., Friske, M. M., Streit, F., Sirignano, L., 
Heilmann-Heimbach, S., Heimbach, A., Hoffmann, P., Degenhardt, F., Hansson, A. C., 
Bakalkin, G., Nöthen, M. M., Rietschel, M., Spanagel, R., & Witt, S. H. (2022). Multi-
omics signatures of alcohol use disorder in the dorsal and ventral striatum. 
Translational Psychiatry, 12(1), 190. https://doi.org/10.1038/s41398-022-01959-1 
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1 INTRODUCTION 

1.1 Alcohol Use Disorder, Alcohol Dependence, and Alcohol Consumption 

1.1.1 Defining the Constructs 

Alcohol Use Disorder (AUD) is defined in the Diagnostic and Statistical Manual of 
Mental Disorders (DSM) 5 by a set of co-occurring symptoms, such as loss of control 
over alcohol intake, craving, development of tolerance, and withdrawal symptoms 
when alcohol consumption ceases (American Psychiatric Association, 2013).  
In the history of the DSM, the diagnostic criteria and name of AUD have been changed 
repeatedly, reflecting both the heterogeneity as well as the societal view on of the 
disorder. In the DSM-5, AUD is a dimensional construct and can be mild, moderate, or 
severe, depending on the number of symptoms an affected person experiences. In the 
previous version, the DSM-IV, one of two categorical diagnoses, alcohol abuse and 
alcohol dependence, were given. Alcohol abuse is characterized by symptoms such 
as continued consumption despite negative social consequences or an increased 
likelihood of getting hurt when drinking. In alcohol dependence, additional symptoms 
such as withdrawal and tolerance are observed (American Psychiatric Association, 
1994). Both diagnostic manuals observe symptoms over in a 12-month period.  
Alcohol consumption is a continuous construct and is most commonly assessed by the 
first three items of the alcohol use disorder identification test (AUDIT), the so-called 
consumption scale (AUDIT-C) (Babor et al., 2001). It consists of questions regarding 
the frequency of alcohol consumption, the amount of alcohol consumed at a drinking 
event, and the frequency of binge drinking. The remaining AUDIT items form the 
problem scale (AUDIT-P) and inquire about problematic consequences that arrive from 
drinking. The problem scale is often used as a proxy for AUD. Another commonly used 
measure is drinks per week, which is the number of standard drinks individuals 
consume in a typical week. 
 

1.1.2 Prevalence and Relevance to Global Health 

The lifetime prevalence of AUD varies worldwide. The lowest prevalence is observed 
in North African and Middle Eastern countries (0.59%) and the highest in Eastern 
European countries (4.25%). This also corresponds to the prevalence of alcohol 
consumption in different regions of the world, which differ due to varying religious, 
cultural, and policy aspects (World Health Organization, 2019). Globally, AUD has a 
lifetime prevalence of 1.32% (Degenhardt et al., 2018). AUD contributes significantly 
to the global burden of disease with 5.3% of all deaths and more than 230 diseases 
being attributable to harmful alcohol consumption (World Health Organization, 2019).  
Although many individuals are affected by AUD, the current FDA-approved treatment 
options are limited. Currently, there are only a few medications available for the 
treatment of AUD. In the US, naltrexone and acamprosate can be prescribed to treat 
AUD, and both medications have been shown to reduce the number of drinking days 
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in the first few months after treatment, compared to a placebo (Donoghue et al., 2015). 
At the same time, not all patients benefit from these treatments, and relapse rates 
remain high. To offer the best possible care to patients with AUD, it is necessary to 
gain a deeper understanding of pathomechanisms to facilitate personalized medicine 
as a novel treatment option for AUD in the future (Litten et al., 2016).  
 

1.2 Neurocircuitry of Addiction 

This section presents the neurobiological perspective on the mechanisms underlying 
AUD. While alcohol consumption has toxic effects on the entire organism, dependence 
or use disorders are thought to develop in the brain (Volkow et al., 2016). The current 
understanding of the development of substance use disorders and AUD in particular 
relies on a neurocircuitry of addiction that is associated with three stages of addiction. 
These stages and the corresponding circuits are depicted in Figure 1.1.  
 

 
 
 
Figure 1.1. The three stages of addiction and the associated neurocircuitry, published 
in Koob and Volkow (2010), The Lancet Psychiatry (3) 8, 760-773, reprinted with 
permission from Elsevier. 
  



Introduction 

 5 

1.2.1 The Three Stages of Addiction 

The neurocircuitry of addiction describes signaling pathways within functionally 
connected brain regions that are thought to be involved in the development and 
maintenance of substance use disorders. According to Koob and Volkow (2010), there 
are three stages of addiction. The binge/intoxication stage is mainly characterized by 
the rewarding effects of substances, which are associated with an increase of 
dopamine in the mesolimbic dopamine system, in particular in the ventral tegmental 
area. The time course of dopamine signaling is thought to be especially important for 
how a reward is perceived and has an important impact on behavior (Schultz, 2007). 
In the second stage, the negative effect/withdrawal stage, reward thresholds are 
elevated, which might be due to dopamine systems being compromised from extended 
drug intake (Koob & Volkow, 2010). The preoccupation/anticipation stage is closely 
related to relapsing behavior and is characterized by an altered response to drug-
associated stimuli, e.g. cue reactivity.  
The three stages of addiction are associated with five major circuits: the mesolimbic 
dopamine system, the extended amygdala, the ventral striatum, the ventral 
striatum/dorsal striatum/hippocampus, and the dorsolateral frontal cortex. The latter 
three are further discussed in this thesis. The brain regions that play a major role in 
these circuits are depicted in Figure 1.1.  
 

1.2.2 The Ventral Striatum 

The ventral striatum comprises the olfactory tubercle and the nucleus accumbens 
(NAcc). The NAcc is activated by glutamatergic signaling from the frontal cortex, the 
amygdala, the hippocampus, and the thalamus (Cui et al., 2013). In addition, 
dopaminergic neurons of the ventral tegmental area project into the NAcc by the 
mesolimbic pathway, and dopamine release from these neurons into the NAcc is 
assumed to mediate the rewarding effect of addictive drugs (Taber et al., 2012; Volkow 
& Morales, 2015). In addition, an interaction of dopamine and glutamatergic signaling 
in the NAcc is likely (Cui et al., 2013). The NAcc is especially important in incentive 
learning, and the increase in dopamine in the ventral striatum is thought to mimic the 
effect of highly salient stimuli in conditioned learning. In drug abuse, this potentially 
leads to a recalibration of the dopamine-activation/reward threshold for natural 
reinforcers, i.e., when compared to the dopamine-activation of drugs of abuse, the 
activation of natural reinforcers such as food is small.  
 

1.2.3 The Dorsal Striatum 

When alcohol is consumed for its rewarding qualities, the behavior can be classified 
as goal-directed, meaning that the association with a desirable outcome mediates the 
behavior (Dickinson & Weiskrantz, 1985; O'Tousa & Grahame, 2014). Goal-directed 
behavior is primarily associated with earlier stages of AUD, as the disorder progresses, 
habit formation increasingly directs behavior. Habit formation refers to behaviors that 
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have been built through a lengthy reinforcement history and is characterized by an 
indifference to the value of the reinforcement (O'Tousa & Grahame, 2014). Habits are 
highly associated with a cue. For example, an alcoholic beverage after work could be 
consumed for the rewarding qualities. Over time, the consumption could be driven by 
the cue “coming home from work” rather than drinking the alcoholic beverage for 
reward. In the neurocircuitry of addiction, this change from goal-directed to 
habitual/compulsive use is associated with an inner-striatal shift of activation from the 
ventral to the dorsal striatum (Everitt & Robbins, 2005; Koob & Volkow, 2010). For 
example, in an fMRI-study, alcohol-related pictures evoked higher activation in the 
ventral striatum of social compared to heavy drinkers and in the dorsal striatum in 
heavy compared to light drinkers (Vollstädt-Klein et al., 2010). The dorsal striatum 
consists of the caudate nucleus (CN) and the putamen (PUT). Both regions are 
involved in sensorimotor processing and activation in the caudate nucleus is 
associated with the reinforcement learning necessary for habit formation (Galandra et 
al., 2018), while the putamen is mainly involved in inhibitory control and habit formation 
itself (Akkermans et al., 2018). For example, the duration of AUD has been associated 
with increased cue-related activation in the posterior putamen (Sjoerds et al., 2014). 
Figure 1.2 shows a section in which the VS, the CN and the PUT are highlighted.  
 

 
Figure 1.2. Habit formation and the corresponding brain regions in the ventral and 
dorsal striatum. The section from postmortem human brain tissue is published in 
Hagens et al. (1990) and was adapted to show ventral and dorsal striatal regions. 
 

1.2.4 The Prefrontal Cortex 

The prefrontal cortex plays a vital part, especially in sustaining substance use 
disorders (Goldstein & Volkow, 2011). During the preoccupation/anticipation stage of 
addiction, impulse control is important to resist urges and cues associated with drinking 
(Koob & Volkow, 2010). The dorsolateral prefrontal cortex and Brodmann Area 9 (BA9) 
in particular are involved in higher-order executive functioning and are an important 
part of the reward circuitry (Goldstein & Volkow, 2011). The anterior cingulate cortex 
(ACC) has been associated with attentional biases in AUD (Bach et al., 2015) and self-
control (Tang et al., 2015).  
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1.3 Genetics of Alcohol Use Disorder 

AUD is a moderately heritable disorder. Evidence from twin and adoption studies 
suggests a heritability of around 50% (Goldman et al., 2005; Verhulst et al., 2015), 
meaning that around half of the variance in the AUD phenotype could be explained by 
genetics. Over time, different methods have been used to study the genetics of AUD, 
which are highlighted in the next two paragraphs. 

1.3.1 From Candidate to Genome-wide Approaches 

In the early stages of molecular genetic studies on the genetic underpinnings of 
psychiatric disorders, candidate gene studies were used to investigate the association 
of variation in a single gene with a phenotype (Kwon & Goate, 2000). Genes were 
selected based on a biological hypothesis. In AUD research, genetic variation in genes 
encoding enzymes involved in alcohol metabolism were among the first candidate 
genes (Edenberg, 2007). Studying genetic variation in ADH1B, ADH1C and ALDH2 is 
also an example of successful candidate gene studies, as the first genome-wide 
significant SNP associated with AUD is located between ADH1B and ADH1C (Frank 
et al., 2012). At the same time, it is one of the few examples of candidate genes 
replicating in genome-wide association studies (GWAS). 
During the first ten years of candidate gene research, increasing evidence emerged 
that candidate gene studies do not produce replicable results and lead to false positive 
associations (Duncan & Keller, 2011). For example, it has been shown that a set of 
candidate genes is not more predictive of major depression than a set of randomly 
selected genes (Border et al., 2019). Candidate gene studies have thus been 
superseded by genome-wide approaches; not only in genetics, but also in the fields of 
epigenetics (Shabalin et al., 2015), and gene expression research (Kukurba & 
Montgomery, 2015), which are discussed in later chapters. Genome-wide approaches 
are often referred to as hypothesis-generating, meaning that they explore the 
relationship between a phenotype and a feature, i.e., a genetic variant, without a prior 
hypothesis about the relationship.  

1.3.2 Genome-wide Association Studies of Alcohol Phenotypes 

The association of a disease phenotype with common genetic variants can be 
investigated in GWAS. In a case-control GWAS, a logistic regression is performed for 
each single nucleotide polymorphism (SNP) with the abundance of the disease 
phenotype as an outcome and the SNP as the predictor along with covariates. To 
correct for multiple testing, a Bonferroni corrected p value threshold of 5*10-8 is applied. 
This in turn requires a large samples size to identify small effects withstanding multiple 
testing correction. 
A recent GWAS performed a meta-analysis of DSM-5 AUD in the Million Veteran 
Program (Kranzler et al., 2019), DSM-IV alcohol dependence in the Psychiatric 
Genomics Consortium (Walters et al., 2018) and the problem-scale of the alcohol use 
disorder identification test (AUDIT) using the UK Biobank (Sanchez-Roige et al., 2018). 
The resulting GWAS of problematic alcohol use (PAU) included 435,563 participants 
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and identified 29 variants (Zhou et al., 2020). Among them were ADH1B and ADH1C, 
but also novel candidates such as PDE4B and CADM2. The Manhattan plot of the PAU 
GWAS with all annotated loci is shown in Figure 1.3.  
 

 
Figure 1.3. Manhattan Plot of the GWAS of Problematic Alcohol Use reprinted by 
permission from Springer Nature: Nature Neuroscience: Zhou et al. (2020). 
 
The information from GWASs can be further used to create polygenic scores, to 
perform gene-level tests, and to carry-out enrichment analyses. Interestingly, Zhou et 
al. (2020) found an enrichment of genes expressed in different brain regions in PAU-
related genetic variants. The strongest enrichment was shown for the NAcc, the cortex, 
PUT, substantia nigra, CN, BA9, and ACC (Zhou et al., 2020).  
GWAS are not only useful to genetically characterize a disease phenotype, but are 
also valuable tools for assessing genetic determinants of treatment response. There 
was a recent GWAS on responsiveness to acamprosate and naltrexone treatment in 
AUD, which identified a single genome-wide significant SNP in BRE associated with 
time until relapse to heavy drinking (Biernacka et al., 2021). Although this GWAS was 
severely underpowered, investigating genetic determinants of treatment outcomes 
might lead to a more tailored treatment of AUD.  
 
 

1.4 Epigenetics of Alcohol Use Disorder 

1.4.1 Epigenetics and DNA Methylation 

Epigenetics refers to the regulation of gene activity not caused by changes in the DNA 
sequence itself. One epigenetic mechanism is DNA methylation, i.e. the addition of a 
methyl-group at the 5` position of cytosines (see also Figure 1.4), which most 
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commonly occurs in cytosine-phosphate-guanine sites (CpG site) (Rakyan et al., 
2011). A specific CpG site can either be methylated or unmethylated. DNA methylation 
can influence gene expression, most often through methylation levels of CpG-islands 
in promoter regions. CpG-islands are typically at least 200 base pairs long and contain 
at least 50% GC-content. About 40% of mammalian genes contain CpG islands in their 
promoters and exonic regions (Fatemi et al., 2005) highlighting them as important sites 
for gene expression regulation (Deaton & Bird, 2011).  
 

 
Figure 1.4. A) Addition of a methyl-group through DNA-methyltransferase (DNMT). B) 
influence of methylated (M) and unmethylated (U) promoters on gene transcription. 
 
CpG sites are commonly classified based on their distance from a CpG-island. The 
shore refers to the ±0-2 kilobase (kb) region around a CpG-island and the shelf to the 
±2-4 kb region. CpG sites not annotated to CpG-islands are referred to as open sea. 
This classification helps grade the relevance an individual CpG site might have for 
gene expression regulation. For example, it has been found that CpG methylation in 
shore regions has a stronger association with gene expression than methylation in a 
CpG island (Irizarry et al., 2009; Martino & Saffery, 2015).  
Increased DNA methylation levels are typically associated with lower gene expression, 
which is likely due to impaired transcription factor binding in highly methylated regions 
(Gibney & Nolan, 2010). However, gene expression and protein translation are 
influenced by a variety of molecular mechanisms, which makes the disentangling of 
the effect of CpG methylation on gene expression difficult.  
 

1.4.2 Determining DNA Methylation Levels 

DNAm arrays, such as the EPIC BeadChip, depict a reliable and cost-effective 
alternative to expensive next-generation sequencing procedures such as whole-
genome bisulfite sequencing, or methyl-binding domain sequencing, which requires 
years of laboratory experiences to develop suitable protocols for high CpG coverage 
(Aberg et al., 2020).  Of the around 28 million CpG sites known to exist in the human 
genome (Lövkvist et al., 2016), about 870,000 are captured by the Illumina Infinium 
HumanMethylation EPIC BeadChip, which is well suited for high-throughput analysis 
of the methylome (Moran et al., 2016). CpG sites covered by the BeadChip are 
distributed within several regulatory features such as CpG-islands, promoter regions, 
open sea regions, and enhancers, but also within exonic and intergenic regions. 

Unmethylated
Cytosine

Methylated
Cytosine

DNMT

M M M M M M

U U U U U U

Promoter

Promoter

Gene Silencing

Gene Transcription
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To analyze DNA methylation on a microarray, genomic DNA is bisulfite-converted and 
subsequently pipetted onto the BeadChip. The resulting data from scanning the 
methylation array are light intensity signals, which are bioinformatically translated to 
methylation values. A methylation beta-value is a percentage estimate that indicates 
the mean methylation of a CpG site in the sample. After quality control, these beta 
values are commonly logit-transformed into M-values (Du et al., 2010), which have the 
advantage of being more normally distributed than beta values and are thus useful for 
further statistical analyses.  

1.4.3 Epigenome-wide Association Studies 

Similar to GWAS, epigenome-wide association studies are hypothesis-generating 
procedures (Flanagan, 2015). Each CpG-site is tested for an association with the 
phenotype of interest, usually in (robust) multiple linear regression models. DNAm 
levels are tissue- and cell-type specific (Lokk et al., 2014). To account for this, cell type 
proportions are estimated for each sample based on reference data (Houseman et al., 
2012) or in a reference-free approach (Houseman et al., 2014). In addition, a correction 
for technical effects should be applied (Lehne et al., 2015). The EPIC BeadChip 
contains internal control probes, which allow to capture both technical effects which 
can be directly observed, such as sequencing batch, as well as other effects, such as 
a different sensitivity in parts of the scanning systems. A common technique to capture 
this variation is performing a principal component analysis of the internal control probes 
and including the first ten resulting principal components in the linear model (Lehne et 
al., 2015).  
In addition to cell type composition and technical effects, smoking and age are known 
to largely influence DNA methylation levels (Horvath, 2013; Zeilinger et al., 2013) and 
should therefore be included as covariates in every DNA methylation analysis. 
 

1.4.4 DNA Methylation in Alcohol Use Disorder 

1.4.4.1 DNA Methylation in Peripheral Tissues 

While investigating DNAm in brain tissue is of primary importance to understand 
mechanisms of AUD, peripheral tissues, such as blood and saliva, are more 
accessible. Therefore, past research has focused mainly on these tissues. 
The largest EWAS of AUD to date identified 96 CpG sites significantly associated after 
FDR correction in N=625 participants (Lohoff et al., 2020). Of these, 70 were replicated 
in in two independent cohorts: Generation Scotland (N=4301) and Grady Trauma 
Project (N=391). The top hit was annotated to GAS5, a long non-coding RNA, which 
also showed differential expression between AUD cases and controls in postmortem 
human amygdala tissue (Lohoff et al., 2020).  
Because of the high multiple testing burden, sample size is a key factor in epigenome-
wide association studies to identify meaningful DMPs. Therefore, many studies 
investigate alcohol consumption rather than AUD, because this information is usually 
available in larger population-based cohorts. For example, in an EWAS of alcohol 
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intake in the Melbourne Collaborative Cohort Study, 1414 significantly associated CpG 
sites were identified, 1078 of which were replicated in two independent cohort studies 
(Dugué et al., 2021). In the same study, a longitudinal analysis revealed evidence of 
changes in DNAm patterns over time dependent on alcohol intake. This is in line with 
findings from a clinical cohort, in which widespread changes in DNAm were observed 
in patients at the beginning of withdrawal treatment compared with controls (Witt et al., 
2020). At the end of withdrawal treatment, DNAm patterns of patients more resembled 
those of controls compared to the initial timepoint.  
A more recent EWAS of alcohol consumption analyzed N=8161 participants of the 
Generation Scotland Family Health Study (Lohoff et al., 2022), the largest EWAS to 
date. The top hit from this study, which was also replicated in an independent clinical 
cohort, was the cystine/glutamate transporter SLC7A11, providing evidence for 
methylation-mediated glutamate signaling alterations related to alcohol consumption 
(Lohoff et al., 2022). Interestingly, differential gene expression of SLC7A11 was 
observed in postmortem human prefrontal cortex, suggesting a functional relevance of 
the differential methylation finding.  
While EWAS in peripheral tissues are helpful for investigating the effects of alcohol 
consumption and alcohol use disorder in large cohorts and have led to drug targets 
such as the PCSK9 inhibitor to treat alcohol-associated liver diseases (Lohoff et al., 
2018), there is a lack of knowledge about DNAm in the brain and drug targets for AUD.  

1.4.4.2 DNA Methylation in Postmortem Human Brain Tissue 

Postmortem human brain tissue valuable resource for research into AUD which is 
however very sparse. By now, several studies have investigated the association of 
DNAm and AUD in different brain regions. In most studies, DNAm was measured using 
an Illumina Methylation EPIC BeadChip. The brain region most frequently studied is 
the dorsolateral prefrontal cortex, specifically its subregions BA9 and BA10. For 
example, Wang et al. (2016) identified differentially methylated CpG sites in male, but 
not female individuals with alcohol dependence compared to controls. A further co-
methylation analysis using WGCNA revealed modules enriched for biological 
processes, such as transcriptional regulation and neural development (Wang et al., 
2016). Meng et al. (2021) found two DMRs in BA9 and NAcc of individuals with alcohol 
dependence compared to controls. Interestingly, this DMR was genotype-dependent 
on a variant in DLGAP2, which was also shown to influence alcohol consumption in a 
mouse model (Meng et al., 2021). In a study in BA10, differential methylation in NR3C1 
– a gene which encodes the glucocorticoid receptor – was highlighted (Gatta et al., 
2021). A recent study investigated differential methylation through MBD-seq, first in 
1,132 blood samples and then in postmortem BA10 tissue of N=50 individuals (Clark 
et al., 2022). While the postmortem brain analysis did not reveal epigenome-wide 
significant hits, there was a significant overlap between the monocyte- and B-cell-
specific association studies in blood and hydroxy-/methylation in brain (Clark et al., 
2022).  
While the largest body of evidence has been accumulated for the prefrontal cortex, 
there are studies which have investigated other brain regions as well. For example, 
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Hagerty et al. (2016) utilized postmortem tissue of the precuneus and putamen and 
found more than 400 DMPs, which also showed enrichment for inflammation-related 
pathways.  
The aforementioned studies were able to identify differential methylation, although 
often not epigenome-wide significant. This is likely because of the small sample size, 
which ranged between N=20-96. At the same time, the interpretation of EWAS-findings 
alone is difficult, because each CpG site usually has a small effect and does not 
necessarily influence gene expression. Therefore, evidence from multiple layers of -
omics are needed to provide convergent evidence and enhance our understanding of 
the molecular mechanisms of AUD. 
 

1.5 Gene Expression in Alcohol Use Disorder 

1.5.1 RNA-sequencing and Differential Expression Analysis 

Gene expression is a complex process involving multiple steps during the transfer of 
genetic information from DNA to messenger RNA (mRNA) or the transition from 
genotype to phenotype (Gibney & Nolan, 2010).  
Next-generation sequencing technologies are the gold standard for analyzing whole-
genome transcriptomics and have become increasingly cost-effective in recent years 
(Levy & Myers, 2016). The RNA-seq workflow is depicted in Figure 1.5. First, RNA is 
extracted from primary tissue and total RNA is purified for the ribonucleic acid of 
interest, such as mRNA or small RNAs. Afterwards, the RNA is converted to cDNA, 
followed by sequencing library construction and amplification. After sequencing, the 
resulting reads can either be aligned to the genome or transcriptome, or a pseudo-
alignment can be performed. Afterwards, aligned reads are quantified in a count matrix 
and differential expression can be tested. 
 
By now, RNA-sequencing is also possible at the single-cell or single-nuclei (snRNA-
seq) level. snRNA-seq allows the measurement of gene expression in each nucleus 
analyzed, as opposed to bulk-sequencing which estimates the mean gene expression 
profile in a sample. Because of the high resolution, it is possible to cluster the gene 
expression profiles of the individual nuclei into known and novel cell-types and perform 
cell-type specific analyses (Lake et al., 2016).  
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Figure 1.5. RNA-sequencing workflow, adapted from (Kukurba & Montgomery, 2015), 
reprinted by permission from Cold Spring Harbor Laboratories. 
 

1.5.2 Gene Expression in Postmortem Human Brain Tissue 

So far, gene expression studies in AUD have been conducted primarily in postmortem 
human brain tissue. In an early study that used microarray technology to measure gene 
expression, widespread differential expression in the central and basolateral 
amygdala, and the superior frontal cortex was observed, although this only reached 
nominal significance (Ponomarev et al., 2012). In the same study, a WGCNA analysis 
was conducted and the resulting modules were related to different cell types, depicting 
a common result of WGCNA. However, no information on the association of modules 
with AUD status was available (Ponomarev et al., 2012). The first study assessing 
gene expression in substance use disorders applied RNA-sequencing in individuals 
with cocaine use disorder (CUD), AUD, and controls. They observed two genes 
differentially expressed in the hippocampus of individuals with AUD compared to 
controls and eight genes which were genome-wide significant for both, AUD and CUD 
(Zhou et al., 2011). The strongest association for AUD was for a member of the histone 
H4 family. 
More recent studies have investigated BA9 using next-generation sequencing 
technologies. Kapoor et al. (2019) found 125 genes differentially expressed in BA9 
between individuals with AUD and controls. Network analyses resulted in modules 
enriched for calcium signaling and immune pathways (Kapoor et al., 2019). A recent 
study investigated microRNAs and mRNAs in eight brain regions: the amygdala, CN, 
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cerebellum, hippocampus, NAc, prefrontal cortex, putamen, and ventral tegmental 
area (Lim et al., 2021). MicroRNA and mRNA networks were also enriched for 
immunological pathways, such as IL-8 signaling, CREB signaling in neurons, and 
neuroinflammation signaling (Lim et al., 2021). 
A snRNA-seq study in BA9 showed differential expression particularly in astrocytes, 
microglia and oligodendrocytes, and found that DE genes were enriched for 
neuroinflammation-related pathways (Brenner et al., 2020). When results from snRNA-
seq were compared to those from Kapoor et al. (2019), it was shown that there was a 
moderate overlap between bulk results and those originating from different cell-types, 
but microglia displayed a very distinct gene expression pattern (Brenner et al., 2020).  
In summary, there is accumulating evidence of transcriptome-wide differential 
expression in AUD, but at the same time a lack of studies investigating striatal brain 
regions. Importantly, investigating a single -omic layer cannot give an accurate picture 
of the molecular mechanisms associated with AUD. 

1.6 Multi-Omics Data Integration 

Integrating multiple layers of -omics allows a deeper characterization of the functional 
mechanisms in AUD. Already there have been some attempts at multi-omics data 
integration in AUD. Two studies attempted to integrate data from GWAS with DNA 
methylation and/or gene expression data from postmortem human brain samples. Lin 
et al. (2020) investigated a potential functional relevance of GWAS-identified variants 
associated with AUD and comorbid psychiatric disorders, and they observed that 
methylation (mQTL) and expression quantitative trait loci (eQTL) were enriched in 
variants for these disorders. Quantitative trait loci describe genetic loci which predict 
biological processes, such as DNA methylation (Hormozdiari et al., 2018). Similarly, 
Kapoor et al. (2021) performed fine-mapping of genetic variants from a large GWAS 
of AUD (Kranzler et al., 2019) and two GWAS of alcohol dependence (Lai et al., 2019; 
Walters et al., 2018), using eQTL and mQTL data from fetal and adult dorsolateral 
prefrontal cortex from individuals with and without AUD. The genes prioritized in this 
study showed an overlap with causal genes that were previously related to 
neurodegenerative diseases (Kapoor et al., 2021). 
While GWAS data have been followed-up in expression and methylation datasets, 
there is a lack of studies integrating DNA methylation and gene expression data.  
 

1.7 Aims 

The following studies aimed to identify epigenetic mechanisms associated with AUD – 
both on the single site and the regional level – to investigate differential gene 
expression associated with AUD status in the neurocircuitry of addiction, relate our 
results to GWAS findings, and to integrate the gene expression with DNA-methylation 
data using a network approach (WGCNA) in order to identify functionally relevant 
molecular mechanisms in AUD. 
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2 STUDY 1: EPIGENOME-WIDE ASSOCIATION STUDY OF 
ALCHOHOL USE DISORDER IN FIVE BRAIN REGIONS1 

2.1 Abstract 

Alcohol Use Disorder (AUD) is closely linked to the brain regions forming the 
neurocircuitry of addiction. Postmortem human brain tissue enables the direct study of 
the molecular pathomechanisms of AUD. This study aims to identify these 
mechanisms by examining differential DNA-methylation between cases with severe 
AUD (n=53) and controls (n=58) using a brain region-specific approach, in which 
sample sizes ranged between 46 and 94. Samples of the anterior cingulate cortex 
(ACC), Brodmann Area 9 (BA9), caudate nucleus (CN), ventral striatum (VS), and 
putamen (PUT) were investigated. DNA-methylation levels were determined using the 
Illumina HumanMethylationEPIC Beadchip. Epigenome-wide association analyses 
were carried out to identify differentially methylated CpG-sites and regions between 
cases and controls in each brain region. Weighted Correlation Network Analysis 
(WGCNA), gene-set and GWAS-enrichment analyses were performed. Two 
differentially methylated CpG-sites were associated with AUD in the CN, and 18 in VS 
(q < .05). No epigenome-wide significant CpG-sites were found in BA9, ACC, or PUT. 
Differentially methylated regions associated with AUD case-/control status (q < .05) 
were found in the CN (n=6), VS (n=18) and ACC (n=1). In the VS, the WGCNA-module 
showing the strongest association with AUD was enriched for immune-related 
pathways. This study is the first to analyze methylation differences between AUD 
cases and controls in multiple brain regions and consists of the largest sample to date. 
Several novel CpG-sites and regions implicated in AUD were identified, providing a 
first basis to explore epigenetic correlates of AUD. 
  

 
1 Published as: Zillich, L., Frank, J., Streit, F., Friske, M. M., Foo, J. C., Sirignano, L., 
Heilmann-Heimbach, S., Dukal, H., Degenhardt, F., Hoffmann, P., Hansson, A. C., 
Nöthen, M. M., Rietschel, M., Spanagel, R., & Witt, S. H. (2022). Epigenome-wide 
association study of alcohol use disorder in five brain regions. 
Neuropsychopharmacology, 47(4), 832-839. https://doi.org/10.1038/s41386-021-
01228-7 
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2.2 Introduction 

Every year, approximately 5.3% of all deaths worldwide are a result of the harmful use 
of alcohol and approximately 230 diseases are associated with alcohol use (World 
Health Organization, 2019). The lifetime prevalence of alcohol use disorder (AUD) 
varies globally, with North African/Middle Eastern countries having the lowest (0.59%) 
and Eastern European countries the highest (4.25%) prevalence. With a global 
prevalence of 1.32%, AUD is an important contributor to global disease burden 
(Degenhardt et al., 2018). AUD is a moderately heritable disease; a meta-analysis of 
twin studies estimated a heritability of 49% (Verhulst et al., 2015).  
It has been proposed that drug-induced alterations in gene expression in the 
neurocircuitry of the brain contribute to addiction (Robison & Nestler, 2011). Recent 
evidence suggests that alterations in DNA-methylation, an epigenetic mechanism 
affecting gene expression, play an important role in addiction (for reviews see: Longley 
et al. (2021), Maze and Nestler (2011)). Differential DNA-methylation is associated 
with alcohol consumption and AUD both in peripheral blood and postmortem brain 
tissue (for an overview see: Bazov et al. (2013)). Examining alterations in DNA-
methylation in epigenome-wide association studies (EWAS) allows for the 
investigation of inter-individual differences which are attributable to a phenotype 
(Rakyan et al., 2011). For example, a recent EWAS of AUD in peripheral blood 
suggests that networks in glucocorticoid signaling and inflammation-related genes are 
associated with AUD (Lohoff et al., 2020).  
Human postmortem brain tissue is a sparse and valuable resource and allows a more 
direct characterization of AUD mechanisms than possible by analyzing peripheral 
blood (Edgar et al., 2017). So far, a small number of postmortem brain studies have 
been conducted, mostly investigating the prefrontal cortex (PFC), which, due to its role 
in reward regulation and higher-order executive function, is thought to be disrupted in 
addiction (Goldstein & Volkow, 2011). An EWAS comparing individuals with AUD with 
age-matched controls detected a range of differentially methylated CpG-sites in 
Brodmann Area 9 (BA9) in 16 pairs of males, but not in seven pairs of females (Wang 
et al., 2016). Another study identified AUD-associated differentially methylated CpG-
sites in Brodmann Area 10, which did not remain significant after multiple testing 
correction (Gatta et al., 2021). However, downstream analyses implicated NR3C1, a 
gene coding for the glucocorticoid receptor, which is crucial to stress regulation and 
found to be functionally relevant in AUD. The increased DNA-methylation in individuals 
with AUD was also associated with reduced NR3C1 mRNA and protein expression 
levels (Gatta et al., 2021).  
Investigating DNA-methylation in the wider addiction neurocircuitry may give deeper 
insights into the pathophysiological mechanisms of AUD, and may reveal potential 
targets for treatment or prevention (Koob & Volkow, 2010; Noori et al., 2012). 
Dysfunction in the addiction neurocircuitry, which comprises areas involved in cognitive 
control such as the dorsolateral PFC, the anterior cingulate cortex (ACC), and regions 
in the basal ganglia, can have impairing consequences associated with disrupted 
reward-related decision-making, alcohol craving, and compulsive alcohol consumption 
(Goldstein & Volkow, 2011; Park et al., 2010). Of particular interest is the striatum, 
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which is divided into ventral and dorsal subdivisions based on function and 
connectivity. The ventral striatum (VS), comprises the nucleus accumbens (NAcc) and 
olfactory tubercle while the dorsal striatum contains the caudate nucleus (CN) and 
putamen (PUT) (Volkow & Morales, 2015). The NAcc is thought to be important in 
addiction due to its role in processing motivation, more precisely aversion and reward 
(Volkow & Morales, 2015). The caudate nucleus and putamen both influence motor 
function; in addition, the caudate is involved in goal-directed action, executive 
functioning and cognitive control, while the putamen is implicated in various types of 
learning, including reinforcement learning and habit formation (Galandra et al., 2018). 
In a study investigating DNA-methylation in PFC and NAcc, CpG-sites in DLGAP2 
emerged as differentially methylated between 39 male AUD cases and 47 controls in 
both brain regions; the differences were genotype-dependent (Meng et al., 2021). 
In the present study, we aimed to identify epigenetic mechanisms associated with 
AUD, in five brain regions previously implicated in the neurocircuitry of addiction 
(Volkow & Morales, 2015). Brain-region specific EWAS of AUD were performed in the 
BA9, ACC, VS, CN and PUT. 
 

2.3 Materials and Methods 

2.3.1 Samples 

In total, 395 human postmortem brain samples from 111 subjects (53 AUD, 58 
controls) were obtained from the New South Wales Tissue Resource Center 
(University of Sydney, Australia) under study reference number 2009-238N-MA by the 
Ethics Committee II of the Medical Faculty Mannheim. AUD and control subjects were 
matched by age and sex. All individuals met the following inclusion criteria, which were 
determined by next-of-kin interviews: age >18, no history of severe psychiatric, 
neurodevelopmental, or other substance use disorders (except nicotine use disorder), 
and Western European ancestry. Individuals with AUD were classified according to 
DSM-IV criteria and had consumed at least 80g alcohol daily, whereas controls had 
consumed less than 20g. Methylation data was generated in two batches and each 
batch was analyzed separately. The first batch comprised 220 samples of BA9, ACC, 
CN, and VS from 28 cases and 27 controls. In the second batch, 175 samples from 56 
additional individuals from the CN, VS, and PUT were analyzed. Material from one to 
five brain regions was available for each individual. Therefore, the sample composition 
varies between the brain region-specific analyses. A sample description can be found 
in Table 2.1. Table 2.2 shows the number of samples for each brain region and each 
batch. Additional phenotype information, such as cause of death and detailed 
exclusion criteria can be found in the Supplementary Information (Table 2.S1 and Text 
2.S1).  
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2.3.2 Epigenome-wide Methylation 

DNA was extracted from bulk brain tissue using the DNeasy extraction kit from Qiagen 
(Qiagen, Hilden, Germany). The genomic DNA samples were stored at -20°C. For the 
microarray analysis, the samples were randomized based on AUD case/control status 
and sex, and pipetted on processing plates. Due to the sample and different group 
sizes, samples from each brain region were processed on separate plates. 
Epigenome-wide methylation levels were determined using the Illumina 
HumanMethylationEPIC Beadchip and Illumina HiScan array scanning systems 
(Illumina, San Diego, CA). 
 
 
Table 2.1    

Descriptive statistics of demographic data.   
Characteristic Cases Controls p 

N 53 58  
Age, years 56.72 (10.81) 56.69 (10.29) 0.989 
Sex (M/F) 34/19 40/18 0.737 
pH-value 6.5 (0.28) 6.57 (0.32) 0.189 
PMI (hours) 35.46 (16.1) 28.17 (15.29) 0.038* 
Estimated Smoking 0.72 (0.26) 0.51 (0.31) > .001* 
Blood Alcohol level (N) 8 0  
Blood Alcohol Level (g/100ml) 0.211 (0.179)   
Number of Brain Regions    

5   19 (35.8%) 19 (32.8%)  
4 9 (17.0%) 8 (13.8%)  
3 18 (34.0%) 21 (36.2%)  
2 0 (0%) 3 (5.1%)  
1 7 (13.2%) 7 (12.1%)  

Data are presented as count (n/n; n (%)) or mean (±SD), PMI: post-mortem 
interval, pH: pH-value of the brain, p: p-value of t-Test comparing cases and 
controls, estimated smoking is the likelihood of smoking estimated based 
on the methylation data. 
*significant difference between cases and controls  

 

 
 

2.3.3 Data preprocessing, Quality Control, and Filtering 

All data preprocessing and analysis steps were performed using the R statistical 
environment, version 3.6.1. An updated version of the CPACOR-pipeline published by 
Lehne et al. (2015) was used to extract methylation data from raw intensity data and 
perform quality control. Samples were removed if (i) DNA quality was not sufficient 
(missing rate > 0.10) or (ii) a discrepancy between methylation-based and phenotypic 
sex emerged. Probes were removed when (i) the call-rate was insufficient (< 0.95), (ii) 
SNPs with a minor allele frequency > 0.10 were located in the probe sequence, (iii) the 
probes were located on the X or Y chromosome (chr). After quality control 381 samples 
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remained. Depending on the brain region, 657 593 – 694 791 sites were available for 
analysis after filtering. Detailed descriptions of sample size, the number of sites 
remaining after QC, and the inflation coefficient lambda for each model can be found 
in Table 2.2. 
 

Table 2.2. 
Sample Overview. 
 Total 

N Case Control # of CpG 
sites 

Genomic  
Inflation 

Brain Region   Batch I Batch II Batch I Batch II     

Anterior 
Cingulate Cortex 54 28  26  657 593 0.958 

Brodmann Area 
9 46 25  21  657 593 0.942 

Putamen 94  44  50 694 572 0.963 

Caudate Nucleus 94 28 17 27 22 694 790 0.919 

Ventral Striatum 93 28 18 26 21 694 790 0.962 

Number of individuals per brain region after quality control. # of CpG-sites refers to 
the number of sites remaining after quality control, for VS and CN union of the two 
batches. 

 

2.3.4 Statistical Analysis 

Methylation values were log-transformed (base 2) and included as dependent 
variables in the association analyses, as recommended by Du et al. (2010). Control for 
batch effects and technical quality was applied by extracting signals of the internal 
control probes of the EPIC array, performing principal component analysis (PCA), and 
extracting the first ten principal components. These were included as covariates in all 
association tests. To control for cell-type heterogeneity, cell counts were estimated 
using the method by Houseman et al. (2012), with the dorsolateral prefrontal cortex 
reference data (Jaffe & Kaminsky, 2018). This approach results in two estimates, one 
for neurons and one for other cell types. These were standardized so that the sum of 
both counts added up to one. The estimate for neurons was included as a covariate in 
all analyses.  
Data on smoking was not available for all participants (missing for n=11, 10.81%). 
Smoking status was therefore estimated based on a validated set of sites (Maas et al., 
2019). Estimated smoking was included as a continuous covariate. 86% of current 
smokers were correctly classified; according to the regression model their likelihood of 
smoking was >50%.  
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2.3.4.1 Epigenome-wide Association Analysis  

Tests of methylation differences between individuals with AUD and control subjects 
were performed with linear models, adjusting for sex, age, postmortem interval (PMI), 
pH-value, estimated smoking, standardized neuronal cell count, and the first ten 
principal components of the internal control probes. Each region and each batch was 
analyzed separately. The summary statistics for CN and VS were then meta-analyzed 
based on effect estimates and standard errors using METAL (Willer et al., 2010). P-
values were corrected for multiple testing using the Benjamini-Hochberg (FDR) 
correction (Benjamini & Hochberg, 1995); resulting values are reported as q-values. 
CpG-sites were annotated using the manufacturer’s manifest 
(http://webdata.illumina.com.s3-website-us-east-
1.amazonaws.com/downloads/productfiles/methylationEPIC/infinium-
methylationepic-v-1-0-b4-manifest-file-csv.zip; downloaded on 10th of August 2018). 
Regression coefficients of differential methylation for the epigenome-wide significant 
CpG-sites were summarized for each brain region. As each brain region was 
processed on a separate plate, no inferential statistical procedure was applied to 
compare DNA-methylation levels between brain regions (due to confounding of batch 
and regions). Test statistics from all epigenome-wide significant CpG-sites were 
reported for each brain region and also for an independent EWAS in peripheral blood, 
in which DNA-methylation levels of male patients with AUD, who had just entered 
withdrawal treatment were compared with healthy controls (Witt et al., 2020). As the 
cause of death of two control subjects from the second batch was “toxicity”, a sensitivity 
analysis excluding these subjects was performed in CN, VS, and PUT.  

2.3.4.2 Differentially Methylated Regions (DMRs)  

DMRs were identified using the comb-p algorithm (Pedersen et al., 2012), which 
accounts for autocorrelation between tests of adjacent methylation sites and combines 
these sites to regions of enrichment, in a given window. The following settings were 
used: Seed-p value < 0.01, minimum of 2 probes, sliding window 500 bp. The Šidák 
correction as implemented in comb-p was applied to correct for multiple testing. Comb-
p was applied to the result statistics for all brain regions. 

2.3.4.3 Pyrosequencing and TaqMan Assay  

The DMR in DDAH2 was replicated by pyrosequencing and gene expression levels 
were determined using a TaqMan Assay (for details see Supplementary Text 2.S3). 

2.3.4.4 Gene-Ontology (GO) over-representation analysis.  

Functional analysis to identify gene pathways targeted by differentially methylated 
CpG-sites was performed for sites with a threshold of pnominal < 0.001 using missMethyl 
(Phipson et al., 2016). missMethyl controls for probe number bias, the increased 
likelihood of a gene to be differentially methylated, if more probes cover the gene and 
multi-gene bias, and the fact that probes can be annotated to more than one gene.  
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GWAS-Enrichment-Analysis. Gene-sets were created consisting of the genes to which 
the differentially methylated CpG-sites were annotated. Two gene-sets were created 
for each of the CN and VS results, one for genes implicated by epigenome-wide 
significant CpG-sites, and one for genes implicated by nominally significant CpG-sites, 
giving a total of four gene-sets. Multi-marker Analysis of GenoMic Annotation 
(MAGMA)(de Leeuw et al., 2015) was used to test enrichment of those gene-sets in 
the results of a genome-wide association study (GWAS) of AUD (Zhou et al., 2020).  

2.3.4.5 Weighted Correlation Network Analysis (WGCNA) 

The WGCNA R package (Langfelder & Horvath, 2008) was used to generate co-
methylated modules and relate those to AUD case-/control status. For each brain 
region the quantile-normalized beta values of CpG-sites nominally associated (p < 
0.05) with AUD status were used as input. Soft power thresholds were picked 
according to the criterion of approximate scale-free topology (Rsigned2 > 0.90). The 
number of CpG-sites and the soft power thresholds picked can be found in 
Supplementary Table 2.S2. Unassigned CpG-sites were clustered in the “grey” 
module, which was not taken into account for further analyses. For each brain region, 
the module of correlated CpG-sites with the highest association with AUD was 
identified. A GO analysis with the CpG-sites comprising the module was performed 
using missMethyl (Phipson et al., 2016).  

2.3.4.6 GWAS ATLAS 

The PheWAS tool from the publicly available database GWAS ATLAS (Watanabe et 
al., 2019) [https://atlas.ctglab.nl/] was used to identify genome-wide significant 
associations of the genes implied by the top hits in the EWAS.  
 

2.4 Results 

2.4.1.1 Epigenome-wide Association Analysis 

In the CN, two CpG-sites were epigenome-wide significantly hypomethylated in AUD 
cases compared to controls. The two sites were annotated to the genes IREB2 
(cg04214706) and HMGCR (cg26685658). cg04214706 was also differentially 
methylated in the ACC (pnominal = 0.005).  
In the VS, 18 CpG-sites were epigenome-wide significantly associated with AUD. Nine 
CpG-sites were hyper- and nine hypomethylated. The top three hits were annotated to 
SLC30A8, FAM20B, and PCAT29. Of the epigenome-wide significant CpG-sites, 
cg12049992 in PIEZO2 and cg16767842 in GLANT9 were also differentially 
methylated in CN (pnominal ≤ 0.023). Additionally, cg1354575 in TCL1A was differentially 
methylated in PUT (pnominal = 0.035) and cg02849689 (intergenic) in ACC (pnominal = 
0.012). Three of the epigenome-wide significant CpG-sites showed nominally 
significant associations in an EWAS of AUD in peripheral blood, namely cg27512762 
in PCAT29, cg06427508 in KLHL6 (effect in opposite direction), and cg02849689, 
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which was not annotated to a nearby gene. In ACC, BA9, and PUT no epigenome-
wide significant differentially methylated CpG-sites were identified (q ≥ 0.57). 
Epigenome-wide significant CpG-sites can be found in Table 2.3 and the top 100 
associations for each brain region, together with more detailed information on location 
and annotation to enhancers, in supplementary tables (2.S3a–2.S3e). All coefficients 
of CpG-sites with q < 0.05 for each brain region and in peripheral blood are 
summarized in Supplementary Table 2.S4. Manhattan plots for EWAS in the ACC, CN, 
and VS are depicted in Figure 2.1.   
Post-hoc power analyses using the web app EPIC Array Power Calculations 
(https://epigenetics.essex.ac.uk/shiny/EPICDNAmPowerCalcs/) were conducted for 
sample sizes of n=46 and n=94, to adequately reflect our sample sizes and the 
additional settings 2% mean difference and significance threshold 1x10-7, which was 
closest to the FDR corrected thresholds in the present study. This resulted in 11% of 
CpG-sites having a power larger than 90% to detect mean methylation differences of 
2% for a sample size of 94 and 3.18% for a sample size of 46 (see also Supplementary 
Figure 2.S1). It has to be noted, that the power calculations assumed equal 
distributions between cases and controls, which was not the case for all analyses. The 
sensitivity analyses did not reveal major differences between the EWAS in the 
complete sample and the reduced sample, in which control subjects who died of 
toxicity were excluded. The effect sizes of the nominally significant CpG-sites in each 
of the brain regions were highly correlated (rCN = 0.99, rVS = 0.98, rPUT = 0.99, all p < 
0.001). Scatterplots of the effect sizes for nominally significant CpG-sites in both 
analyses are depicted in Supplementary Figure 2.S2.  
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Table 2.3. 
Epigenome-wide significant CpG-sites associated with AUD. 
Caudate Nucleus 

Chr Position CG Gene Effect Std Err P Direction FDR 
15 78729669 cg04214706 IREB2 -0.393 0.073 7.58E-08 +- 0.03 
5 74633012 cg26685658 HMGCR -5.92 1.105 8.53E-08 -- 0.03 

 

Ventral Striatum 

Chr Position CG Gene Effect Std Err P Direction FDR 

8 117961971 cg17163967 SLC30A8 0.504 0.0882 1.09E-08 ++ 0.007 
1 178998656 cg23933289 FAM20B 0.269 0.0482 2.36E-08 ++ 0.008 

15 69908472 cg27512762 PCAT29 0.17 0.032 6.80E-08 -+ 0.016 
7 1008720 cg02028351 COX19 0.18 0.034 1.28E-07 ++ 0.017 

16 68563886 cg02941431  -0.251 0.047 1.27E-07 -- 0.017 
3 183274235 cg06427508 KLHL6 0.379 0.072 1.44E-07 ++ 0.017 

12 132882652 cg16767842 GALNT9 0.239 0.046 1.74E-07 -+ 0.017 
16 4901809 cg02741291 UBN1 0.579 0.113 2.61E-07 ?+ 0.023 
16 1946176 cg10824492  -0.147 0.029 3.35E-07 -- 0.026 

19 35168316 cg18564234 SCGB1B2P; 
ZNF302 -0.776 0.153 4.13E-07 -- 0.029 

13 73687406 cg06630619  -0.43 0.085 4.76E-07 -- 0.03 
11 1215457 cg23618269 MUC5AC -0.432 0.086 5.25E-07 -- 0.03 
14 96177134 cg13545750 TCL1A -0.226 0.046 7.21E-07 -- 0.039 
5 79331052 cg04360099 THBS4 0.303 0.062 1.03E-06 ++ 0.048 
6 29400397 cg26754552  0.277 0.057 9.88E-06 ++ 0.048 

11 59390857 cg02849689  -0.298 0.061 1.24E-06 -- 0.048 
18 11147785 cg12049992 PIEZO2 -0.28 0.058 1.20E-06 +- 0.048 
17 18210650 cg16021181 TOP3A -0.307 0.063 1.11E-06 -- 0.048 
Chr: chromosome, Direction: (+) hypermethylated, (-) hypomethylated, (?) CpGs not  
available in one batch. FDR: false discovery rate corrected p-value. 
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Figure 2.1. Manhattan plots of association of methylation values with AUD in (A) 
anterior cingulate cortex; (B) caudate nucleus; (C) ventral striatum. Highlighted CpG-
sites represent differentially methylated regions. Genes implicated by CpGs (light and 
dark grey) and DMRs (green) are specified in the figures. Red line indicates FDR-
corrected significance. 
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2.4.1.2 Differentially Methylated Regions 

In the CN, 10 DMRs were associated with AUD. The top three regions were annotated 
to the genes DDAH2, CCDC152, and CAMSAP1. Six DMRs were associated with AUD 
(q < 0.05) in the VS, with the three most strongly associated regions in TMEM232, 
FANCD2OS, and HM13. All significant DMRs for CN and VS are highlighted in Figure 
2.1 and can be found in supplementary tables 2.S5a and 2.S5b. In the ACC, one region 
in HLA9 was differentially methylated (p Šidák -corrected = 3.25*10-6). No epigenome-wide 
significant DMRs were observed in BA9 and PUT.   
The DMR in DDAH2 was replicated by pyrosequencing (cg04074004: t(76.77)= 2.39, 
p = 0.019). Differential expression was not observed (all p > 0.136). For details see 
Supplementary Text 3.S3. 

2.4.1.3 Gene-Ontology Analysis 

The strongest overrepresentation in the CN was for the biological process “homophilic 
cell adhesion via plasma membrane adhesion molecules” (p = 5.37*10-6, q = 0.12) and 
“cell-cell adhesion via plasma-membrane adhesion molecules” (p = 1.68*10-5, q = 
0.187). In the VS, the cellular “Lsm1-7-Pat1 complex” showed the strongest 
overrepresentation (p = 6.49*10-5, q ≈ 1). Both associations did not remain significant 
after correction for multiple testing. The ten GO-terms showing the strongest 
overrepresentation can be found in Supplementary Tables 2.S6a and 2.S6b. 

2.4.1.4 GWAS Enrichment Analysis 

No significant enrichment was observed in any of the regions and gene-sets tested (all 
p ≥ 0.277).  

2.4.1.5 Weighted Correlation Network Analysis (WGCNA) 

For the caudate nucleus, 15 modules were identified consisting of 49-10,330 CpG-
sites (Median = 965). The strongest association with AUD was observed for module 
“black”, which showed the strongest enrichment for the cellular component “PML body” 
(p = 0.001) and the molecular function “G-rich strand telomeric DNA binding” (p = 
0.001). For CpG-sites nominally associated with AUD status in the VS 14 modules 
were identified, consisting of 38-12,721 CpG-sites (Median = 611). Module “purple” 
showed the strongest association with AUD and was enriched for a variety of immune-
related GO-terms, such as the biological processes “regulation of T-cell proliferation” 
(p = 4.32e-6) and “regulation of leukocyte cell-cell adhesion” (p = 6.83e-6). For caudate 
nucleus module “black” and ventral striatum module “purple” the correlations of the 
gene significance (GS), which reflects the biological significance of a CpG-site with an 
external trait (here AUD) and the module membership (MM), which reflects the 
correlation of each CpG-site with the module, were calculated and are displayed in 
Figure 2.2a and 2.2b. The top enriched GO-terms for these modules can be found in 
Supplementary Tables 2.S7a and 2.S7b. Results for ACC, BA9, and putamen are 
described in the Supplementary Information (Text 2.S2, Figure 2.S3).  
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A)           B) 

 
 
Figure 2.2. Association of gene significance for AUD status with module membership, 
for the modules A) “black” in caudate nucleus, and B) “purple” in ventral striatum. 
 

2.4.1.6 GWAS ATLAS 

GWAS ATLAS results for the genes implicated by the most strongly associated site 
and region both in the CN and VS can be found in Supplementary Tables 2.S8a-2.S8d. 
In brief, IREB2 has previously been associated with smoking phenotypes (e.g., number 
of cigarettes a day, numbers of cigarettes previously smoked daily), parental illnesses 
such as lung cancer and chronic bronchitis, and psychiatric disorders like 
schizophrenia and bipolar disorder (Furberg et al., 2010; Ruderfer et al., 2018; 
Watanabe et al., 2019). Genome-wide significant associations of DDAH2 with 
phenotypes from a variety of domains, e.g., immunological, metabolic, respiratory, and 
psychiatric have been found. In the psychiatric domain, DDAH2 has been associated 
with schizophrenia and bipolar disorder e.g. (Pardiñas et al., 2018; Ruderfer et al., 
2018). SLC30A8 has been implied in blood sugar levels (Kanai et al., 2018) and 
TMEM232 in allergic rhinitis and asthma (Watanabe et al., 2019). 
 

2.5 Discussion 

The present study examined DNA-methylation associated with AUD in regions of the 
addiction neurocircuitry using an epigenome-wide methylation analysis approach 
employed in human postmortem brain tissue. The largest of its kind to date and first to 
examine five brain regions, this study identified several novel differentially methylated 
CpG-sites as well as DMRs associated with AUD, providing potential insight into 
underlying mechanisms.  
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We found significant differentially methylated CpG-sites in two striatal regions. In the 
caudate nucleus, two epigenome-wide significant CpG-sites in IREB2 and HMGCR, 
were identified. IREB2 is a gene encoding iron regulatory protein 2, which is an RNA-
binding protein that is involved in the regulation of cellular iron metabolism 
[https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2]. Iron overload in the 
brain has previously been associated with cognitive decline in AUD (Listabarth et al., 
2020). Neurodegeneration has been reported in two subjects with bi-allelic loss of 
function variants in IREB2 (Cooper et al., 2019; Costain et al., 2019). IREB2 has also 
been associated with smoking phenotypes (Watanabe et al., 2019). The association 
with smoking, which strongly affects DNA methylation (Sugden et al., 2019; Zeilinger 
et al., 2013), may be linked to the relevance of the gene to addiction phenotypes. In 
the present study, the IREB2-CpG-site was also differentially methylated in the anterior 
cingulate cortex (nominal significance), which might reflect a relevance in addiction 
phenotypes in multiple brain regions.  
In the ventral striatum, 18 CpG-sites were epigenome-wide significantly associated 
with AUD. The strongest association was observed in a CpG-site in SLC30A8, which 
encodes a zinc efflux transporter that is involved in the accumulation of zinc in the 
intracellular vesicles. Zinc is a structure-building element in alcohol dehydrogenase 
(ADH) and thereby important for the proper function of ADH, which is needed to break 
down alcohol (Baj et al., 2020). Differential methylation in SCL30A8 may lead to altered 
Zinc availability and indirectly impact ADH function, and thus alcohol metabolism. 
SLC30A8 has also been implicated in type 1 and type 2 diabetes (Sladek et al., 2007). 
In both types epigenetic and transcriptomic levels of SLC30A8 have shown to be 
altered (Gu, 2017). Heavy alcohol consumption is also an established risk factor for 
type 2 diabetes on the phenotypic level (Baliunas et al., 2009). Three of the 
epigenome-wide significant CpG-sites were also previously differentially methylated in 
an independent EWAS of AUD (Witt et al., 2020); these convergent results might  point 
towards a cross-tissue effect of these sites. 
Significant regional methylation differences were observed in the anterior cingulate 
cortex, caudate nucleus, and ventral striatum. One differentially methylated region was 
observed in the anterior cingulate cortex and that region was annotated to HLA 
complex group 9, a non-coding RNA in the major histocompatibility complex (MHC). 
HLA antigens play a role in AUD and alcohol-associated liver disease (Shigeta et al., 
1980). In the caudate nucleus, the DMR showing the strongest association with AUD 
was annotated to DDAH2, encoding for dimethylarginine dimethylaminohydrolase, 
which is involved in the formation of nitric oxide by indirect inhibition of nitric oxide 
synthase (NOS) [https://www.genecards.org/cgi-bin/carddisp.pl?gene=DDAH2]. Nitric 
oxide has previously been associated with sleep disturbances, as part of the sleep-
wake state controlling metabolites (Cespuglio et al., 2012). Sleep disorders and 
disturbances, such as decreased total sleep time and decreased sleep efficiency, are 
common in individuals during periods of alcohol consumption and prolonged 
withdrawal (Koob & Colrain, 2020; Thakkar et al., 2015). In rodent studies, alcohol 
exposure influenced NOS expression in the brain (Davis & Syapin, 2005) and the 
knockout of neuronal NOS was associated with increased consumption of highly 
concentrated alcohol solutions (Spanagel et al., 2002). Although the DMR in DDAH2 
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was replicated by pyrosequencing, we did not observe differential gene expression 
between AUD cases and controls. It has to be noted, that differential gene expression 
is only partly explained by DNA-methylation differences. For example, in postmortem 
brain samples of individuals with schizophrenia and controls, 204 of 71,753 tested CpG 
gene pairs were significantly correlated (Chen et al., 2014). A potential functional 
relevance of the DMR in DDAH2 requires further investigation, for instance in relation 
to contact frequency maps (chromosomal architecture/Hi-C), which can be 
simultaneously studied with the methylome in single-cell experiments (Li et al., 2019).
  
Of the six DMRs identified in the ventral striatum, a region in TMEM232 showed the 
strongest association. TMEM232 has previously been associated with respiratory 
traits, such as seasonal allergic rhinitis (Ramasamy et al., 2011). Another significant 
CpG-site was annotated to HM13. This gene encodes for minor histocompatibility 
antigen H13. In general, minor histocompatibility antigens function in the immune 
system by recognizing T cells (Robertson et al., 2007). No studies have investigated 
direct associations between AUD and H13 expression changes yet, but it is known that 
the immune system is downregulated in patients with AUD (Erickson et al., 2019).  
GO-term analyses investigating molecular functions associated with differentially 
methylated CpG-sites did not yield significant results after multiple testing correction, 
which is most likely attributable to the limited statistical power. No significant 
enrichment was observed for each of the gene-sets in GWAS signals for AUD, which 
could indicate that differential methylation in the newly identified CpG-sites is more 
sensitive to environmental factors than genetic effects.  
In the WGCNA analysis in VS a module enriched for immune-processes was most 
strongly associated with AUD, which are known to be influenced by alcohol abuse 
(Pasala et al., 2015).  
In this brain region-specific analysis, comparing individuals with AUD and controls, we 
focused beside prefrontal areas on striatal regions, as previous studies have indicated 
that AUD may be associated with a striatal shift in activation from ventral to dorsal, as 
drug intake changes from goal-directed to habitual (DePoy et al., 2013; Vollstädt-Klein 
et al., 2010). These studies focus on changes in neurotransmitter release and 
functional connectivity but it is not known how epigenetic changes impact this 
functional striatal shift. Our epigenome-wide results provide a first basis to explore 
epigenetic contributions to functional striatal changes. 
This study has several limitations. The first is PMI, which can influence the tissue 
quality. The longer the individual has been deceased before the tissue was extracted 
from the body, the further along are degradation processes (Glausier et al., 2019). 
While we corrected for this in our analyses our results may have been affected by 
postmortem degradation processes nevertheless. Second, we cannot infer whether 
the observed differences in DNA-methylation are a result of addiction or long-term 
alcohol consumption, which affects multiple organ systems. Third, the methylation 
array used in the present study combined with the bisulfite conversion does not 
distinguish between methylation and hydroxymethylation. Therefore, no conclusions 
can be drawn regarding methylation type specific effects. Also, for several CpG-sites 
the effect in the meta-analysis was driven by a large effect in one, but not the other 
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batch and in some of the cases this went hand-in-hand with a change in direction. For 
example, cg04214706 had a small positive effect, which was statistically not different 
from zero in the first batch, and a large negative effect in the second. Further samples 
are needed to validate these findings. Due to the sparse availability of human 
postmortem brain tissue, our sample size is small compared to EWAS in peripheral 
blood, which results in limited statistical power, especially taking into account the high 
multiple testing correction burden. However, EWAS analysis of peripheral blood allows 
to reveal only limited conclusions about differential methylation in the brain, whereas 
studies that examine multiple brain sites in a comparative fashion point to region-
specific functional changes. Lastly, the correlational design of this analysis does not 
allow conclusions about the causality of the findings. DNA-methylation differences both 
be a result of AUD and be present in individuals before onset of the disorder. 
Here, we identified novel associations of differential DNA-methylation between AUD 
cases and controls, which are prominent in alcohol-related pathways and diseases 
linked with AUD. To confirm these observations, larger samples are needed from the 
respective brain regions. Human postmortem brain tissue is difficult to obtain and very 
few brain banks focus on substance use disorders. Combining existing datasets, 
generating a larger amount of DNA-methylation data, and integrating multi-omics data, 
could lead to more conclusive results that may help to understand the molecular 
changes due to substance abuse in the brain and eventually to the identification of 
drug targets for more effective treatment of substance use disorders. 
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2.9 Supplementary Information 

2.9.1 Supplementary Texts 

Supplementary Text 2.S1. Detailed description of obtained postmortem human brain 
samples. 
 
All tissue samples were obtained from the New South Wales Tissue Resource Centre 
(University of Sydney, Australia). Tissues were collected as described in Harper et al. 
(2003, Progress in Neuro-Psychopharmacology & Biological Psychiatry 27: 951– 961), 
where cases with prolonged agonal life support, cases with a history of cerebral 
infarction, head injury, or neurodegenerative disease (e.g., Alzheimer’s disease) were 
excluded. Further exclusion criteria were cases with developmental disorder, head 
injury at time of death, recent cerebral stroke, neurological disorder, history of 
intravenous drug use, brain on gross examination showing obvious abnormalities, and 
cases with a history of other psychiatric disorders (e.g.  autism, attention deficit-
hyperactivity disorder, schizophrenia). We further excluded cases with reported 
anxiety or mood disorders or suicides have been excluded as well as cases with 
significant amounts of psychiatric medication (e.g., opioids, benzodiazepines; 
concentration <0.1 mg/L).  
 
 
 
Supplementary Text 2.S2. WGCNA results for Anterior Cingulate Cortex, Brodmann 
Area 9, and Putamen. 
 
Weighted correlation network analysis for Anterior Cingulate Cortex resulted in 10 
modules consisting of 34–11,588 CpG-sites (Md = 606.5). The highest correlation with 
AUD was observed for module “green” (r = .44, p = 8.54e-04), which was enriched for 
the molecular functions “ligand-gated sodium channel activity” (p = 0.0003), “sodium 
channel activity” (p = 0.0004), and the biological process “noradrenergic neuron 
differentiation” (p = 0.0007). In Brodmann Area 9 20 modules, with a median sizes of 
287 CpG-sites per module (range: 38-7,960) were constructed. Module “blue” showed 
the highest correlation with AUD (r = -.55, p = 4e-05). GO-analysis revealed enrichment 
for the cellular components “actomyosin”, (p = 0.0001), “stress fiber” (p = 0.0007), and 
“contractile actin filament bundle” (p = 0.0007). Eight modules were constructed for 
putamen, which consisted of 78-13,091 CpG-site with a median size of 2,020. Module 
“yellow” had the highest correlation with AUD (r = -.52, p = 8.13e-08). This module was 
enriched for the biological processes “response to immune response of other organism 
involved in symbiotic interaction”, (p = 0.0004), “response to host immune response” 
(p = 0.0004), and “ventral spinal cord interneuron fate commitment” (p = 0.001). 
Scatterplots showing the association of gene significance and module membership for 
the three modules can be found in Supplementary Figure 2.S2. 
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Supplementary Text 2.S3. Methods and results for replication by pyrosequencing and 
functional validation for DDAH2. 
 

Samples 
For a subsample of n=87 sufficient material for Pyrosequencing and the TaqMan Assay 
was available. 
 

Pyrosequencing 
The CpG site cg04074004 was analyzed by pyrosequencing, using the commercially 
available PyroMark CpG assay Hs_DDAH2_03_PM (Qiagen, Hilden, Germany). All 
samples (n=87) were carefully randomized on positions on sequencing plates. DNA 
(500ng) was bisulfite-treated using the EpiTect Fast 96 Kit (Qiagen, Hilden, Germany). 
We controlled for bisulfite conversion reaction, PCR amplification, and pyrosequencing 
reaction by including unmethylated and methylated DNA (EpiTect PCR Control DNA 
Set, Qiagen, Hilden, Germany). 
The DNA fragment was amplified by PCR (PyroMark PCR Kit, Qiagen, Hilden, 
Germany) from 2 µl of bisulfite-treated DNA in a PCR volume of 25 µl. Successful 
amplification and the specificity of the PCR product (137 base pairs) was checked on 
an agarose gel. To ensure equal amplification in the CpG assay an additional mixture 
of DNA with a 50% DNA methylation level was prepared from unmethylated, converted 
and methylated, converted DNA (EpiTect PCR Control DNA Set, Qiagen, Hilden, 
Germany). Then, 8 µL of PCR product was processed for pyrosequencing analysis 
with following manufacturer´s recommendations (PyroMark Gold Q24 reagents, 
Qiagen, Hilden, Germany), sequenced with the sequencing primer 
Hs_DDAH2_03_PM (Qiagen, Hilden, Germany) with the PyroMark Q24 instrument 
(Qiagen, Hilden, Germany). The percentage of methylation was quantified using the 
PyroMark Q24 software version 2.0.8 Build 3 (Qiagen, Hilden, Germany). The 
sequencing was performed in triplicates.  
 

TaqMan Assay 
RNA was extracted from caudate nucleus samples using the RNeay microKit (Qiagen, 
Hilden, Germany). The analysis was performed on triplicates of each gene and sample 
using the PCR Master Mix and FAM dye-labeled TaqMan MGB probes from 
ThermoFisher Scientific (Massachusetts, US). The following primers have been used 
for the human DDAH2 gene: Forward primer sequence 1: 5-
CAAAAGGCTGTCCGGGCAATGGCAG-3, position 854 on cDNA, RefSeq NM-
013974.3, TaqMan assay ID Hs00967863_g1, 60 bp amplicon; forward primer 
sequence 2: 5- GCTCGTAGGCCAGAGGTCGATGGAG-3, position 560 on cDNA, 
RefSeq NM-013974.3, TaqMan assay ID Hs00967860_g1, 81 bp amplicon). As 
housekeeping genes the human 18S RNA (TaqMan assay ID Hs99999901_s1, 187 
bp amplicon) and human Gapdh (TaqMan assay ID Hs02786624_g1, 157 bp 
amplicon) were used. SDS 2.2.2 software (ABI) was employed to analyze fluorescence 
intensity and calculation of the theoretical cycle number when a defined threshold was 
reached (Ct-value). 
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Statistical Analysis 
R version 3.6.1 was used for quality control filtering and statistical analyses of the 
pyrosequencing results (http://www.r-project.org). We removed measurements 
marked as unreliable by the PyroMark software. Triplicate measurements were 
averaged after the removal of outliers (values deviating more than 3% for 
Pyrosequencing and more than 5% for TaqMan Assay). For expression of DDAH2, 
delta scores between the primer pairs and the housekeeping genes were calculated. 
We calculated student’s t-Tests to compare DNA methylation of cg04074004 and 
delta-scores of gene expression between AUD cases and controls, as well as an 
ANCOVA with the same covariates as in the EWAS.  
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2.9.2 Supplementary Tables 

Supplementary Tables 2.S3a-2.S3e have been reduced to show the top 25 findings 
without information on phantom4 and phantom5 enhancers, the full summary statistics 
showing all ~670.000 CpG sites are available under 
https://www.nature.com/articles/s41386-021-01228-7 
 
Supplementary Table 2.S1. Additional Phenotype information 
 
Characteristic Cases Controls p 
Cell counts by region    
Anterior Cingulate Cortex 0.30 (0.17) 0.27 (0.17) 0.584 
Brodmann Area 9 0.38 (0.05) 0.40 (0.10) 0.381 
Putamen 0.21 (0.06) 0.21 (0.05) 0.857 
Caudate Nucleus 0.23 (0.05) 0.23 (0.05) 0.84 
Ventral Striatum 0.26 (0.07) 0.25 (0.07) 0.37 
    
Cause of death    

Cardiac 14 23  

Cardiovascular 4 18  
Vascular 2 2  
Hepatic 6   
Infection 5 1  
COPD 1 1  
Cardiovascular / Respiratory 1   
Respiratory 1 1  
Toxicity 6 2  
Hepatic/Infection 1   
Blood loss 1   
Pancreatic 1   
Carcinoma  1  
Suicide  1  

Missing 10 8   
Data are presented as count (n) or mean (±SD), p: p-value of t-Test 
comparing cases and controls. 

 
Supplementary Table 2.S2. WGCNA input 
 
Brain Region # CpG-Sites Soft Power Threshold 
ACC 29059 3 
BA9 24157 5 
Caudate Nucleus 34943 4 
Ventral Striatum 35007 4 
Putamen 28624 2 
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1 The table was reduced to show the first 30 findings. The full table is retrievable under: 
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2.9.3 Supplementary Figures 

A) 

 
 
B) 

 
 
Supplementary Figure 2.S1. Power curve showing the proportion of CpG-sites on the 
EPIC array with sufficient power to detect a mean methylation difference of 2% for a 
p-value threshold of 1x10-7 and a sample size of A) 94 and B) 46. 
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A) Caudate Nucleus    B) Ventral Striatum 

 
 
C) Putamen 

 
 
 
 
Supplementary Figure 2.S2. Scatterplots of effects for nominally associated CpG-
sites from the EWAS in all samples, and from the sensitivity analysis for which control 
subjects with cause of death toxicity were excluded. 
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A)       B) 

  
 
C) 

 
 
Supplementary Figure 2.S3. Scatterplots of CpG-site significance and module 
membership, of WGCNA modules most strongly associated with AUD in A) anterior 
cingulate cortex, B) Brodmann Area 9, and C) Putamen. 
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3 STUDY 2: MULTI-OMICS SIGNATURES OF ALCOHOL USE 
DISORDER IN THE DORSAL AND VENTRAL STRIATUM2 

 

3.1 Abstract 

Alcohol Use Disorder (AUD) is a major contributor to global mortality and morbidity. 
Postmortem human brain tissue enables the investigation of molecular mechanisms of 
AUD in the neurocircuitry of addiction. We aimed to identify differentially expressed 
(DE) genes in the ventral and dorsal striatum between individuals with AUD and 
controls, and to integrate the results with findings from genome- and epigenome-wide 
association studies (GWAS/EWAS) to identify functionally relevant molecular 
mechanisms of AUD. DNA-methylation and gene expression (RNA-seq) data was 
generated from postmortem brain samples of 48 individuals with AUD and 51 controls 
from the ventral striatum (VS) and the dorsal striatal regions caudate nucleus (CN) and 
putamen (PUT). We identified DE genes using DESeq2, performed gene-set 
enrichment analysis (GSEA), and tested enrichment of DE genes in results of GWASs 
using MAGMA. Weighted correlation network analysis (WGCNA) was performed for 
DNA-methylation and gene expression data and gene overlap was tested. Differential 
gene expression was observed in the dorsal (FDR<0.05), but not the ventral striatum 
of AUD cases. In the VS, DE genes at FDR<0.25 were overrepresented in a recent 
GWAS of problematic alcohol use. The ARHGEF15 gene was upregulated in all three 
brain regions. GSEA in CN and VS pointed towards cell-structure associated GO-terms 
and in PUT towards immune pathways. The WGCNA modules most strongly 
associated with AUD showed strong enrichment for immune response and 
inflammation pathways. Our integrated analysis of multi-omics data sets provides 
further evidence for the importance of immune-and inflammation-related processes in 
AUD. 
 
  

 
2 Published as: Zillich, L., Poisel, E., Frank, J., Foo, J. C., Friske, M. M., Streit, F., 
Sirignano, L., Heilmann-Heimbach, S., Heimbach, A., Hoffmann, P., Degenhardt, F., 
Hansson, A. C., Bakalkin, G., Nöthen, M. M., Rietschel, M., Spanagel, R., & Witt, S. H. 
(2022). Multi-omics signatures of alcohol use disorder in the dorsal and ventral 
striatum. Translational Psychiatry, 12(1), 190. https://doi.org/10.1038/s41398-022-
01959-1 
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3.2 Introduction 

Alcohol Use Disorder (AUD) is a major contributor to the global disease burden, with 
a prevalence of ~17% among 12-month alcohol users in the US (Grant et al., 2017; 
World Health Organization, 2019) and an estimated heritability of 49% (Verhulst et al., 
2015). Knowledge about the molecular mechanisms can foster understanding of 
causes and promote prevention. Recent genome-wide association studies (GWASs) 
have identified 29 genetic loci associated with Problematic Alcohol Use (PAU), a proxy 
of AUD (Zhou et al., 2020). While GWASs identify increasing numbers of disease-
associated loci, the functional interpretation of many of these findings remains 
inconclusive. Analyzing the transcriptome can extend the understanding of the 
molecular mechanisms underlying AUD, by identifying associated gene expression 
patterns. Findings can in turn be integrated with results from GWASs and epigenome-
wide association studies (EWASs) to identify the pathomechanisms underlying 
disease.  
Processes in the central nervous system are considered to play a major role in the 
etiology of addiction, and the transition from chronic alcohol consumption to AUD 
(Volkow et al., 2016). Therefore, it is of particular interest to examine molecular 
changes associated with addiction in brain tissue. So far, only few studies have been 
conducted in postmortem human brain tissue to identify transcriptional changes 
associated with AUD (Farris et al., 2015; Liu et al., 2004; Ponomarev et al., 2012). 
These studies mainly focused on the prefrontal cortex (PFC) one important part of the 
neurocircuitry of addiction (Koob & Volkow, 2010; Noori et al., 2012). The first 
transcriptome-wide study in the PFC found DE genes implicated in neuronal 
processes, such as myelination, neurogenesis, and neural diseases, as well as cellular 
processes, such as cell adhesion and apoptosis (Liu et al., 2006). In Brodmann Area 
9 downregulation of calcium signaling pathways has been observed in individuals with 
AUD compared to controls (Kapoor et al., 2019). In the same study, a weighted gene 
co-expression analysis (WGCNA) pointed towards modules associated with AUD 
case/control status, which were enriched for nicotine and opioid signaling, as well as 
immune processes. Another study in the PFC (Brodmann Area 8) showed that co-
expression networks associated with lifetime alcohol consumption were enriched for 
GWAS signals of alcohol dependence (Farris et al., 2015).  
Despite the importance of striatal regions in addiction processes, genome-wide human 
omics studies of these brain regions are still missing. The striatum is divided into the 
ventral striatum (VS), consisting of the nucleus accumbens and olfactory tubercle; and 
the dorsal striatum, comprising the caudate nucleus (CN) and putamen (PUT) (Volkow 
& Morales, 2015). The nucleus accumbens is involved in mediating motivational 
processes such as aversion and reward, which play a significant role in the 
development and maintenance of substance use disorders (SUD) (Volkow & Morales, 
2015). In addition to regulating motor function, the CN and PUT are involved in 
cognitive processes relevant for addiction, such as executive functioning and cognitive 
control, reinforcement learning and habit formation (Galandra et al., 2018). Analyses 
of omics data from striatal regions could complement the knowledge on global 
molecular changes in the neurocircuitry of addiction in AUD.  
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In a recent EWAS of AUD in postmortem brain tissue, we identified differentially 
methylated CpG-sites and regions in the ventral and dorsal striatum (Zillich et al., 
2022). Previous studies have shown the utility of integrating epigenetic and 
transcriptomic data in postmortem brain tissue of SUDs using weighted correlation 
network analysis (WGCNA) (Langfelder & Horvath, 2008). WGCNA clusters genes or 
CpG-sites into co-expressed or co-methylated modules based on correlation matrices. 
By relating modules to each other, WGCNA can be used for data integration, providing 
more insights than descriptive overlap. For example, whereas a descriptive 
comparison of histone H3 lysine 4 trimethylation (H3K4me3) and mRNA expression in 
individuals with AUD and cocaine use disorder revealed no consistent overlap between 
H3K4me3 trimethylation and gene expression (Zhou et al., 2011), a network analysis 
identified overlapping modules pointing towards co-expressed genes associated with 
H3K4me3 trimethylation (Farris et al., 2015). Modules associated with AUD were 
enriched for CNS functions, such as synaptic transmission and regulation of 
neurogenesis (Farris et al., 2015). WGCNA has also been used for integrating 
epigenetic and transcriptomic data and investigating their association with opioid use 
disorder (OUD) in postmortem human brain, identifying immune-related transcriptional 
regulation to be enriched in co-expressed and co-methylated modules (Liu et al., 
2021). 

The aim of the present study was to investigate differential gene expression associated 
with AUD status in the ventral and dorsal striatum, relate these to GWAS findings, and 
to integrate the findings with DNA-methylation data using a network approach 
(WGCNA) in order to identify functionally relevant molecular mechanisms in AUD.
  

3.3 Materials and Methods 

3.3.1 Samples 

Postmortem human brain tissue from CN, PUT and VS of a total of 48 individuals with 
AUD and 51 control individuals (68% male) was obtained from the New South Wales 
Tissue Resource Centre at the University of Sydney. The Ethics Committee II of the 
University of Heidelberg approved the study (reference number 2021-681). After 
quality control (QC), the total sample sizes for each brain region were NCN = 71, NPUT 

= 77 and NVS = 63. Phenotypic information was assessed by next-of-kin interviews. 
Inclusion criteria for this study were: age>18 years, Western European Ancestry, no 
history of severe psychiatric or neurodevelopmental disorders, or SUDs other than 
AUD and nicotine use disorder or smoking. AUD was defined as meeting DSM-IV 
criteria for alcohol dependence and consuming 80g of alcohol a day or more (control 
group: <20g/day). Descriptive information can be found in Table 3.1 and 
Supplementary Table 3.S1.  
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Table 3.1.   
 

Descriptive statistics of demographic data.   

Characteristic Cases Controls p 
N 48 51  
Age, years 55.58 (10.62) 57 (10.64) 0.51 
Sex (M/F) 31/17 37/14  
pH-value 6.53 (0.26) 6.65 (0.25) 0.026* 
PMI (hours) 37.07 (15.79) 30.7 (15.57) 0.047* 
Blood Alcohol level (N) 7 0  
Blood Alcohol Level 
(g/100ml) 0.21 (0.21)   

Smoking (yes/%) 32 (66.7%) 12 (23.5%) <0.001* 
Samples per Brain Region   
Caudate Nucleus 36 37  
Putamen 35 42  
Ventral Striatum 31 32  

Data are presented as count (n/n; n (%)) or mean (±SD), PMI: post-mortem interval, 
pH: pH-value of the brain, p: p-value of t-Test/Chi-squared test comparing cases and 
controls. 

*significant difference between cases and controls  
 

3.3.2 RNA extraction and -sequencing 

RNA was extracted from frozen tissue according to the manufacturer´s protocol using 
the Qiagen RNeasy microKit (Qiagen, Hilden, Germany). The RNA Integrity Number 
(RIN) of all samples was determined using a TapeStation 4200 (Agilent, Santa Clara, 
CA). RIN values of 273 samples were larger than 5.5, for which libraries were prepared 
using the TruSeq Stranded Total RNA Library Prep Kit (Illumina, San Diego, CA). RNA 
sequencing was performed on the NovaSeq 6000 (Illumina) at the Life & Brain Center 
in Bonn, Germany with read lengths of 2x100bp and a sequencing depth of 62.5 M 
read pairs per sample on average. Technical replicates were sequenced for all but four 
samples.  

3.3.3 DNA extraction and Methylation Profiling 

DNA extraction, methylation profiling, and QC was performed as described in Zillich et 
al. (2022). In brief, DNA was extracted using the DNeasy extraction kit (Qiagen, Hilden, 
Germany); the Illumina HumanMethylation EPIC BeadChip and the Illumina HiScan 
array scanning system (Illumina, San Diego, CA) were used to determine DNA-
methylation levels. We used an updated and customized version of the CPACOR 
pipeline to extract beta values from raw intensities (Lehne et al., 2015). Criteria for the 
removal of samples and probes can be found in Zillich et al. (2022). In the present 
analyses, DNA methylation data was included from all subjects from whom gene 
expression data was available after QC. 
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3.3.4 Statistical Analyses 

All analyses apart from QC and read mapping were performed using R version 3.6.1 
(Team, 2013). An overview of the analysis workflow can be found in Figure 3.1. The 
Benjamini-Hochberg (FDR) (Benjamini & Hochberg, 1995) procedure was used to 
correct for multiple testing. Differentially expressed genes were considered statistically 
significant at FDR<0.05. All downstream analyses were performed using genes 
significantly differentially expressed at FDR<0.25. 
 

 
Figure 3.1. Analysis workflow of the present study. 
 
  

Gene Expression
(RNA-sequencing)

FastQC
Mapping (HISAT2) & Quantification

(Rsubread)

Raw counts

Normalized
counts / vari-
ance stability

transformation

Quality 
Control

Input 
Data

Analysis

Gene-Set 
Enrichment

Analysis

Integration

DNA-Methylation
(Illumina EPIC array)

Customized version of CPACOR 
pipeline

Beta values
(promoter

associated CpG
sites)

M values

EWAS Differential 
Expression WGCNAWGCNA

missMethyl
(Reported in 
Zillich et al., 
NPP, 2022)

missMethyl
(GO-analysis: 

AUD-associated
modules)

fgsea
GeneOverlap

WGCNA 
GOenrichment

Analysis()

GeneOverlap

MAGMA
(Reported in 
Zillich et al., 
NPP, 2022)

MAGMA MAGMA MAGMAGWAS 
Enrichment

Putamen
ncases = 35
ncontrols = 42

Caudate Nucleus
ncases = 36
ncontrols = 37

Ventral Striatum
ncases = 31
ncontrols = 32



Study 2: Multi-Omics Signatures of Alcohol Use Disorder in the Dorsal and Ventral Striatum 

 56 

3.3.4.1 Mapping and Quantification  

Sequencing quality was determined using FastQC (Andrews, 2010) and 24 samples 
(11 cases and 13 controls) were excluded due to insufficient sequencing quality (e.g. 
strong overrepresentation of sequences, GC distribution). Raw reads were mapped to 
the human genome (hg38) using HISAT2 (v.2.1.0) (Kim et al., 2019). Quantification 
was performed with the featureCounts function of the Rsubread package (v.2.0.1) 
(Liao et al., 2019), with hg38 annotation. 

3.3.4.2 Differential Gene Expression Analysis 

Differential gene expression was determined using DESeq2 (v.1.26.0) (Love et al., 
2014). Minimal pre-filtering was applied, removing genes with normalized counts <10 
for more than two samples. Technical replicates were merged prior to differential 
expression analysis using the collapseReplicates function as implemented in DESeq2. 
For the differential gene expression analysis, we included age, sex, RIN, pH-value of 
the brain, and postmortem interval (PMI) as covariates, because of their known 
influence on gene expression (Birdsill et al., 2011; Durrenberger et al., 2010; Trabzuni 
et al., 2011). To assess residual bias after adjustment for covariates, we generated Q-
Q plots and calculated genomic inflation factors (Supplementary Figure 3.S1). We 
further conducted a variance partition analysis using the variancePartition() function of 
the corresponding R package (Hoffman & Schadt, 2016), which confirmed the 
covariates. Results of this analysis can be found in Supplementary Figure 3.S2. 
Results were filtered for differentially expressed (DE) genes with an absolute log2 fold 
change larger than 0.02. Volcano plots displaying up- and downregulation of genes for 
each brain region are shown in Supplementary Figure 3.S3.  

3.3.4.3 Gene-Set Enrichment Analysis 

Gene-set enrichment analysis was performed using the R package fgsea (v.1.12.0) 
(Sergushichev, 2016), for which DE genes were ranked according to p-value. 
Enrichment analysis was performed for Gene-Ontology (GO) terms (Ashburner et al., 
2000) and Hallmark gene sets (Liberzon et al., 2015) and the results were adjusted 
using FDR correction.  

3.3.4.4 Cell Type Enrichment Analysis 

To identify cell type specific expression signatures, we performed cell type enrichment 
analysis using DE genes (FDR<0.25) from the three brain regions. As a reference gene 
set for brain cell types, we used the “top ranked cell type-enriched genes based on 
human data” as provided by McKenzie et al. (2018). These contain the 1000 most 
enriched genes in a cell type and cover astrocytes, endothelial cells, microglia, 
neurons, and oligodendrocytes. Using the R package GeneOverlap (v.1.22.0) (Shen, 
2021) , we assessed the overlap of AUD-status associated DE genes with markers 
from the different cell populations. Results were adjusted for multiple testing using the 
Benjamini-Hochberg method as implemented in GeneOverlap.  



Study 2: Multi-Omics Signatures of Alcohol Use Disorder in the Dorsal and Ventral Striatum 

 57 

3.3.4.5 Differential Methylation Analysis 

Effect sizes and p values for CpG sites were used from the EWAS results as presented 
in the original publication (Zillich et al., 2022). In brief, the EWAS model was based on 
methylation M-values as the dependent variable and AUD status as the predictor. As 
covariates, sex, age, postmortem interval (PMI), pH-value, estimated smoking, 
standardized neuronal cell count, and the first ten principal components of the EPIC 
array internal control probes were included. 

3.3.4.6 WGCNA 

Weighted correlation network analyses (WGCNA, v.1.70-3) (Langfelder & Horvath, 
2008) were performed to identify modules of co-expressed genes and co-methylated 
CpG-sites. We assessed the relationship of these modules with AUD case/control 
status and tested the overlap between associated modules. WGCNA clusters the input 
matrix according to a dynamic tree cutting algorithm, using a soft power threshold that 
approximates the criterion of scale-free topology (Rsigned2>0.80). Resulting soft power 
thresholds for expression networks were 6 for CN, 5 for PUT, and 14 for VS; for 
methylation networks, all power thresholds were 2.  
To identify methylation networks associated with gene expression, beta values from 
normalized intensities of all samples from which gene expression data were available 
were filtered for promoter-associated CpG-sites based on the manufacturer’s manifest 
(Illumina, San Diego, CA). The resulting 105 796 CpG-sites were used as input. 
For the RNA-seq data, count matrices were normalized using the DESeq2 function 
normalizeCounts and variance stability transformation was applied.  
Networks were constructed using following settings: minimum module size=30, 
mergeCutHeight=0.25, maxBlockSize=36 000. In WGCNA, modules are labeled using 
colors. In the results section modules are labeled according to type of data, brain 
region, and color assigned in the analysis, e.g. “e-VS-pink” for module “pink” from the 
WGCNA analysis of gene expression data in the ventral striatum. For each module, its 
eigengene was calculated and correlated with AUD status. Association of modules with 
AUD status and covariates is shown in Supplementary Figure 3.S4. For modules 
associated with AUD status, we performed enrichment analysis using the 
GOenrichmentAnalysis function implemented in the WGCNA package for expression 
data and the R package missMethyl (v.1.20.4) (Phipson et al., 2016) for methylation 
modules. Further, we extracted hub genes of AUD associated WGCNA expression 
modules by calculating the product of module membership and gene significance for 
each gene of a module. Based on this score, the 10% of highest ranking genes were 
defined as module hub genes. To investigate the biological relevance of hub genes, 
protein-protein interaction networks were generated using the Search Tool for the 
Retrieval of Interacting Genes/Proteins (STRING, v.11.5) (Szklarczyk et al., 2021). 
Graphical representation of gene networks was restricted to high confidence 
interactions (interaction score threshold 0.7).  
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3.3.4.7 Expression and Methylation Data Integration  

To identify genes both DE and differentially methylated, we analyzed the overlap of DE 
genes (FDR<0.25) with the results of an EWAS (p<0.001) in the same sample(Zillich 
et al., 2022). We prioritized CpG-sites based on their functional relevance in gene 
expression regulation. Thus, promoter-associated CpG-sites were used in the 
analysis.  
At the module level, gene-set overlap tests were performed using the R package 
GeneOverlap (v.1.22.0) (Shen, 2021). Here, Fisher's exact test is used to identify 
significant overlap. For each brain region, the overlap of the AUD-associated co-
expression and co-methylation modules was tested.   

3.3.4.8 GWAS Enrichment Analysis 

We analyzed enrichment of DE genes with an FDR<0.25, and genes in AUD-
associated WGCNA modules in GWAS summary statistics using Multi-marker Analysis 
of GenoMic Annotation (MAGMA, v.1.08b) (de Leeuw et al., 2015). We performed 
GWAS enrichment analysis for several SUDs, such as alcohol use disorder and 
problematic alcohol use (Zhou et al., 2020), cannabis use disorder (Johnson et al., 
2020), and a recent GWAS comparing individuals with opioid use disorder with 
unexposed controls (Polimanti et al., 2020). Bonferroni correction (n=4 tests per gene 
set) of p values was applied to adjust for multiple testing.  
 

3.4 Results 

3.4.1 Differential Gene Expression 

Gene expression analysis of postmortem brain tissue from AUD cases and controls 
revealed DE genes at FDR<0.05 in both dorsal striatal regions. In the caudate nucleus, 
49 DE genes were identified at FDR<0.05 (39 up- and 10 downregulated). Tubulin 
Tyrosine Ligase Like 4 (TTLL4, log2FC=0.11, p=2.3*10-8) and GATA Binding Protein 
2 (GATA2, log2FC=-0.27, p=8.6*10-7) were the most significantly upregulated and 
downregulated genes, respectively. Top up- and downregulated genes in the putamen 
were found to be Transcription Elongation Factor A Like 2 (TCEAL2, log2FC=0.09, 
p=5.8*10-5) and Desmin (DES, log2FC=-0.86, p=2.6*10-6), the latter being the only 
significant gene after correction for multiple testing. Nine genes were downregulated 
in both dorsal striatal regions, with HLA-DOB having the highest log2FC in both 
regions. In the ventral striatum, no DE genes were detected at FDR<0.05. The most 
significant differential gene expression in the ventral striatum was observed for Ankyrin 
Repeat And Ubiquitin Domain Containing 1 (ANKUB1) which was upregulated in AUD 
cases (log2FC=1.35, p=5.8*10-5). In the VS of AUD cases Caseinolytic Mitochondrial 
Matrix Peptidase Chaperone Subunit B (CLPB, log2FC=-0.11, p=5.2*10-6) was the 
most significantly downregulated gene.  
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None of the DE genes at FDR<0.05 overlapped between multiple brain regions. 
Therefore, the less conservative significance threshold of FDR<0.25, which was also 
used for downstream analyses, was applied to compare the overlap of DE genes. At 
FDR<0.25 the cardiomyopathy associated 5 (CMYA5) gene showed an upregulation 
in both caudate nucleus and putamen. ARHGEF15 (Rho Guanine Nucleotide 
Exchange Factor 15) was upregulated in all three brain regions at FDR<0.25. The Top 
5 DE genes from each brain region are listed in Table 3.2; complete summary statistics 
are listed in Supplementary Table 3.S2 (CN), 3.S3 (PUT), and 3.S4 (VS). Overlap 
between DE genes in the different brain regions is shown in Figure 3.2A.  
 

 
 
Figure 3.2. Venn Diagrams of gene overlap of A) DE genes at FDR < 0.25 in caudate 
nucleus (CN), putamen (PUT), and ventral striatum (VS), B) genes forming WGCNA 
expression-modules showing the strongest association with AUD status for CN, PUT, 
and VS, C) genes forming WGCNA expression-module “e-CN-magenta” and those 
forming the methylation-modules “m-CN-red” and “m-CN-midnightblue”. Network plots 
depicting the WGCNA gene expression modules showing the strongest association 
with AUD: D) module magenta from caudate nucleus, E) module black from putamen 
and F) module pink from ventral striatum. 
 

3.4.2 Gene-set Enrichment Analysis 

Pathway analysis using a pre-ranked enrichment analysis revealed significant 
enrichment of dorsal striatum DE genes for several GO terms and Hallmark gene-sets. 
Genes in the CN were found to be related to cilia- and microtubule-associated GO-
terms, while none of the Hallmark gene-sets was significantly enriched. GO-term and 
Hallmark gene-set analysis in PUT samples showed enrichment for immune 
processes, such as “acute inflammatory response to antigenic stimuli” (pFDR=0.006) 
and “adaptive immune response” (pFDR =0.006). In the VS the most significantly 
enriched GO-terms were also related to cilia and microtubules, as well as antigen 
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processing. All GO-terms and Hallmark gene-set with FDR <0.10 are listed in 
Supplementary Tables 3.S5 (CN), 3.S6 (PUT), and 3.S7 (VS). 
 
Table 3.2. 
Entrez 
Gene ID Gene Name baseMean log2(FC) lfcSE Stat P-Value FDR 

Caudate Nucleus 

9654 TTLL4 1125.89 0.11 0.02 5.59 2.33*10-8 0.0005 
2624 GATA2 51.17 -0.27 0.05 -4.92 8.58*10-7 0.0091 
25904 CNOT10 695.68 0.06 0.01 4.84 1.27*10-6 0.0091 
222256 CDHR3 1483.68 0.19 0.04 4.75 1.99*10-6 0.0106 
375611 SLC26A5 63.80 0.28 0.06 4.62 3.81*10-6 0.0163 

Putamen 

1674 DES 22.06 -0.86 0.18 -4.70 2.64*10-6 0.0486 
2050 EPHB4 118.04 -0.19 0.05 -4.19 2.78*10-5 0.0939 
9144 SYNGR2 499.84 -0.20 0.05 -4.19 2.76*10-5 0.0939 
55741 EDEM2 348.56 -0.07 0.02 -4.23 2.30*10-5 0.0939 
84245 MRI1 662.19 -0.13 0.03 -4.13 3.57*10-5 0.0939 

Ventral Striatum 

81570 CLPB 1188.85 -0.11 0.02 -4.56 5.16*10-6 0.0653 
22899 ARHGEF15 54.23 -0.26 0.06 -4.49 7.04*10-6 0.0653 
55584 CHRNA9 5.58 -1.17 0.26 -4.44 9.14*10-6 0.0653 
100463488 MTRNR2L10 4.91 -2.07 0.50 -4.16 3.23*10-5 0.1730 
389161 ANKUB1 30.26 1.35 0.34 4.02 5.79*10-5 0.2480 
Top 5 differentially expressed genes in caudate nucleus, putamen and ventral 
striatum. 

 

3.4.3 Cell Type Enrichment Analysis 

In the CN, upregulated DE genes were significantly enriched for astrocytic markers 
(pFDR =7*10-6), whereas an enrichment for endothelial cell marker genes was detected 
among downregulated genes (pFDR =2*10-7). No significant cell-type enrichment of DE 
genes was found in the putamen and the ventral striatum. GeneOverlap heatmap 
visualizations for the three brain regions are displayed in Supplementary Figure S3.5. 

3.4.4 WGCNA 

3.4.4.1 Expression 

In the CN, 21 modules with a median size of 352 genes (range: 64-7 259) were 
identified. Module “e-CN-magenta”, consisting of 328 genes, showed the strongest 
positive association with AUD status (r=0.42, p=2.89*10-4). In the PUT, of the 25 
modules (median size 249 genes, range: 33-5 381) identified, module “e-PUT-black” 
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was most strongly correlated with AUD with a positive direction of effect (r=0.41, 
p=2.31*10-4). For expression data from the ventral striatum, 16 modules with a median 
size of 429 genes (range: 35-9 708) were identified; module “e-VS-pink” had the 
strongest positive association with AUD (r=0.41, p=0.009). Interestingly, in a GO-term 
analysis the three AUD associated modules were all enriched for immune processes, 
such as “defense response” and “inflammation response”. Gene network 
representation of hub genes in modules “e-CN-magenta”, “e-VS-pink”, and “e-PUT-
black” revealed the signal transducer and activator of transcription 3 (STAT3) gene as 
a conserved hub node in all three brain regions (Figure 3.2D-2F). There was also a 
wide overlap of the genes in the three modules: 174 (22.54%) were partially shared 
between all three modules corresponding to the three brain regions, while another 
21.76% were shared between at least two modules (Figure 3.2B). A gene network 
analysis of the 174 shared genes between regions identified STAT3, TP53, ICAM1, 
MYC, and NFKBIA as the top 5 hub nodes of the network. A visualization of the network 
is depicted in Figure 3.3.  

3.4.4.2 Methylation 

In the CN, WGCNA resulted in 36 modules with a median size of 346 CpG-sites (range: 
66-41 423). Module “m-CN-red”, consisting of 2 117 CpG-sites, showed the strongest 
association with AUD case control status (r=-0.27, p=0.021). This module was most 
highly enriched for the biological processes “cell activation” (p=1.52*10-5) and 
“leukocyte activation” (p=2.09*10-5). In PUT 177 modules were identified (median 
size=57 CpG-sites, range: 30-42 248). Module “m-PUT-plum” consisted of 70 CpG-
sites and was significantly associated with AUD case/control status (r=-0.29, p=0.023) 
and enriched for the biological processes “positive regulation of I-κB kinase/NF-κB 
signaling” (p=0.002) and “regulation of I-κB kinase/NF-κB signaling” (p=0.005). 
WGCNA in the VS methylation data resulted in 85 modules (median size=178 CpG-
sites, range: 35-30 370). The module with the strongest association with AUD was “m-
VS-lavender” (r=-0.29, p=0.023), which consisted of 117 CpG-sites and was enriched 
for the molecular function “natural killer cell lectin-like receptor binding” (p=3.43*10-4) 
and the biological process “susceptibility to natural killer cell mediated cytotoxicity” 
(p=3.65*10-4). The top 10 enriched GO-terms for all AUD-associated modules can be 
found in Supplementary Tables 3.S8-S10. 

3.4.5 Expression and Methylation Data Integration 

In the CN, 12 genes showed both differential methylation and differential gene 
expression. DE statistics, EWAS summary statistics and functional annotation for 
these genes are provided in Supplementary Table 3.S11. No overlap was observed in 
the VS and PUT. At the module-level, co-expression module “e-CN-magenta” showed 
significant overlap with the methylation modules “m-CN-red” (p=0.003) and “m-CN-
midnightblue” (p=0.014) (Figure 3.2C), while expression module “e-CN-purple” did not 
show significant overlap with the methylation modules in CN. Of the 3 AUD-associated 
expression modules in the VS, only “e-VS-salmon” showed significant overlap with the 
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methylation module “m-VS-turquoise” (p=0.003), but not “m-VS-lavender”. No overlap 
was observed for gene expression and DNA-methylation in PUT.  

3.4.6 GWAS Enrichment Analysis of DE Genes and WGCNA modules 

In the VS, but not in the dorsal striatum, we observed enrichment of DE genes in the 
GWAS signal of PAU (p=0.045). In the putamen DE genes were enriched for GWAS 
signal from a study comparing individuals with OUD to unexposed controls (p=0.025). 
None of the DE genes in any of the brain regions showed enrichment for signals from 
a GWAS of Cannabis Use Disorder or AUD.  
From the WGCNA modules showing the strongest association with AUD, only module 
e-VS-pink showed significant enrichment for GWAS signals of CUD (p=0.043). None 
of the findings remained statistically significant after multiple testing correction. Results 
from the respective analyses are depicted in Supplementary Figure 3.S6 and 
enrichment p values as well as the number of overlapping genes are displayed in 
Supplementary Table 3.S12.  

 
Figure 3.3. Network plot of genes, co-expressed between the WGCNA modules e-CN-
magenta, e-PUT-black and e-VS-pink. 
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3.5 Discussion 

In the present study, we identified DE genes, co-expression networks, and pathways 
associated with AUD in the dorsal and ventral striatum. The results were integrated 
with DNA-methylation data and results from GWASs of SUDs.  
We discovered that one gene (ARHGEF15) was consistently upregulated in all 
investigated brain regions of AUD cases compared to controls. ARHGEF15 encodes 
a specific guanine nucleotide exchange factor for the activation of Ras homolog family 
member A (RhoA), a GTPase, which has been linked to higher blood pressure and 
hypertension over the Rho/ROCK signaling cascade (Wirth, 2010). It is postulated that 
the Rho Guanine Nucleotide Exchange Factor 15 negatively regulates excitatory 
synapse development by suppressing the synapse-promoting activity of EPHB2 
(Margolis et al., 2010). EPHB2 deficiency has been linked to depression-like behaviors 
and memory impairments in animal studies (Zhen et al., 2018). In line with this, genetic 
variation within ARHGEF15 has been associated with hematocrit, red blood cell count, 
and hemoglobin concentration (Astle et al., 2016), but also with psychiatric traits, such 
as neuroticism and worries(Nagel et al., 2018) as well as bipolar disorder (Ikeda et al., 
2018). 
Among the genes that were downregulated in both dorsal striatal regions, HLA-DOB 
displayed the highest fold change. HLAs of the Major Histocompatibility Class II are an 
essential part of the acquired immune system presenting antigens to T-lymphocytes 
(for review: Howell et al. (2010)). The most significantly downregulated gene in the VS 
is CLPB, a mitochondrial chaperone, which has been associated with progressive brain 
atrophy (Saunders et al., 2015) and with the cellular response to alcohol-induced 
stress (Tóth et al., 2014). In a recent GWAS, CLPB was associated with the amount 
of alcohol consumed on a typical day (p=9.67*10-5, N=116 163) (Watanabe et al., 
2019).  
DE genes in the ventral striatum were enriched for GWAS signals of PAU, but not AUD. 
This could be a result of the larger sample size of the PAU GWAS, but also point 
towards differences in genetic variation as responsible for differential expression. 
Our results from the pathway and network analyses further underline immune-related 
effects of chronic alcohol exposure; the pathway and network modules most strongly 
associated with AUD case-control status were also enriched for immune system and 
inflammation processes. This was observed for all three brain regions, and both in 
expression and methylation data, providing further evidence for the important role of 
immune processes in AUD. 
Gene networks derived from WGCNA hub genes similarly revealed genes related to 
inflammatory processes as strongly connected network nodes. Here, STAT3 
represents a conserved network hub node in all three brain regions. STAT3 is a 
member of the JAK/STAT pathway and acts as a transcription factor upon activation 
by cytokines, hormones and growth factors (Nicolas et al., 2013). Interestingly, a recent 
study assessing expression signatures of alcohol withdrawal in rats discovered a very 
similar gene network in the hippocampus with STAT3 as a hub node surrounded by a 
network of downstream targets (Chen et al., 2021). The authors also discovered 
increased levels of STAT3 and its neuroinflammation-related target genes in 
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postmortem brain tissue of subjects with AUD. Activation of the STAT3 gene network 
was found to be primarily restricted to astrocytes. This supports the results of the cell 
type enrichment analyses, where enrichment of astrocytic expression signatures was 
detected for upregulated DE genes in the CN.  
These results strongly reflect the well-described effect of chronic alcohol exposure on 
different aspects of the innate and acquired immune systems (Szabo & Saha, 2015). 
Chronic alcohol exposure accelerates the inflammatory response and reduces anti-
inflammatory cytokines (Szabo & Saha, 2015). An activated immune response in 
response to chronic alcohol exposure has been shown on the cell level (McClintick et 
al., 2019), as well as on the transcription (McClintick et al., 2019), and protein levels 
(Donnadieu-Rigole et al., 2016; Yen et al., 2017). In a previous EWAS, we found strong 
enrichment of immune processes in differentially methylated CpG-sites associated 
with alcohol withdrawal (Witt et al., 2020). Neuroinflammation has been repeatedly 
associated with AUD and both the glutamate excitotoxicity and the production of 
acetaldehyde, key processes in AUD metabolism, have been suggested to produce an 
inflammatory response in the brain (de Timary et al., 2017). On a phenotypic level, 
there is also widespread overlap between symptoms of inflammation and of SUDs, 
such as anhedonia, depression, and decreased cognitive functioning(Crews et al., 
2017). In addition, in candidate gene studies in postmortem human PFC, 
hippocampus, and orbitofrontal cortex, increased mRNA levels of HMGB1, which 
encodes a proinflammatory cytokine and toll-like receptor genes have been associated 
with alcohol consumption in AUD cases, providing evidence for chronic 
neuroinflammation in response to alcohol (Coleman et al., 2017; Crews et al., 2013; 
Vetreno et al., 2021). Notably, there is an overlap of findings not only on the single-
gene level but also on the level of pathways and networks/modules. This overlap 
underlines that alcohol consumption has common biological effects in different brain 
regions, i.e., most prominently, effects on immune and inflammation processes.  
Several limitations apply to our study. First, we cannot distinguish between effects 
being a consequence of chronic alcohol consumption or addiction. Second, although 
we corrected for PMI, which can influence tissue quality as a confounding factor, it 
cannot be ruled out that other characteristics not easily accounted for, such as cause 
of death, or blood alcohol level for which the majority of individuals have missing data, 
influenced gene expression. Third, although the sample size is comparatively large for 
postmortem brain studies in the addiction field, the small number of differentially 
expressed genes is likely attributable to limited power. Lastly, analyzing bulk tissue 
does not adequately reflect the diversity of cell types across different brain regions and 
future studies on single-cell level are needed to investigate cell-type specific 
transcriptional changes associated with AUD. 
It has to be noted that besides DNA methylation, epigenetic mechanisms such as 
histone and chromatin modifications, or microRNA expression profiles can influence 
gene expression and are especially important in addiction research (Robison & 
Nestler, 2011). Future studies should therefore expand the epigenetic profiling of AUD 
to include these mechanisms.  
In summary, the present study provides further evidence from multi-omics data sets 
for the importance of immune-and inflammation-related processes in AUD. Notably, 
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drugs that reduce neuroinflammation to reduce drinking, such as phosphodiesterases, 
may be promising approaches for novel treatment options for AUD. Recently published 
randomized controlled trials suggest that a phosphodiesterase inhibitor reduces heavy 
drinking whereas an antibiotic compound was not effective (Grodin et al., 2021; 
Petrakis et al., 2019). A deeper understanding of the underlying mechanisms will 
enhance the discovery of drug targets and drive forward the development of precision 
medicine within in this field. 
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3.8 Supplementary Material 

3.8.1 Supplementary Tables 

Supplementary Table 3.S1.  
Characteristic Cases Controls 

Cause of death   

Cardiac 12 16 
Cardiovascular 4 17 
Vascular 2 2 
Hepatic 3 0 
Infection 3 0 
COPD 1 1 
Cardiovascular / 
Respiratory 2 0 
Respiratory 0 1 
Toxicity 7 1 
Hepatic/Blood Loss 2 0 
Suicide 0 1 
Pancreatic 1 0 
Carcinoma 0 2 
Missing 11 10 
Causes of death for cases and controls, 
numbers represent absolute values. 
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3.8.2 Supplementary Figures 
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A) Caudate Nucleus    B) Ventral Striatum 
 

    
 
C) Putamen 
 

 
Supplementary Figure 3.S2. Variance partition analysis of gene expression data from 
A) caudate nucleus, B) putamen and C) ventral striatum. 
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Supplementary Figure 3.S3. Volcano plots of the differential expression analysis in 
A) caudate nucleus, B) putamen and C) ventral striatum. Red dots indicate significance 
at FDR<0.25, green dots at log2(foldchange) > 0.2. 
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4 DISCUSSION 

Multi-omics analyses represent an approach to gain a deeper understanding of AUD, 
paving the way towards novel and more targeted treatment approaches in the future. 
We identified differentially methylated positions and regions in the dorsal and ventral 
striatum of individuals with AUD compared to individuals without AUD. DMPs and 
DMRs were in genes previously associated with neurodegenerative diseases, cancer 
phenotypes and type 2 diabetes. The top hit in the ventral striatum could affect alcohol 
metabolization. While one of our top hits in the caudate nucleus, a DMR in DDAH2 
was replicated by pyrosequencing, we did not observe differential expression for this 
gene, neither with PCR nor by RNA-sequencing. Overall, there was little overlap on 
the single-gene level between the DNA methylation investigated in the first, and the 
gene expression in the second study. When we analyzed DNA methylation and gene 
expression together in the second study, we observed evidence for increased immune 
response and neuroinflammation in AUD. This main finding, as well as additional 
considerations, which emerge from the comparative analysis of both studies, are 
discussed in the following paragraphs. 
 

4.1 Neuroinflammation 

The main finding in these studies was the increased neuroinflammation associated 
with AUD. This is in line with previous studies, both in whole blood samples (Witt et al., 
2020) and postmortem human brain tissue (Brenner et al., 2020; Kapoor et al., 2019).  
Alcohol consumption leads to increased inflammation and an activated immune 
response, which has been shown repeatedly: Witt et al. (2020) found differential DNA 
methylation between participants with and without AUD was enriched for inflammation-
related pathways and that the differences between the groups were reduced after two 
weeks of withdrawal treatment. This also underlines the reversibility of AUD-associated 
DNA methylation changes. Evidence for (neuro-) inflammation in AUD further comes 
from a transcriptome-wide gene expression study in BA9. Here, network analyses 
revealed an AUD-associated module that was highly enriched for immune response 
processes (Kapoor et al., 2019). Also, in a snRNA-seq study of AUD in BA9, it was 
shown that the expression genes involved in neuroinflammation pathways differed 
between cell types, with astrocytes expressing the highest number (Brenner et al., 
2020). Next to genome-wide approaches, candidate gene studies in postmortem 
human brain have investigated neuroinflammation in AUD (Crews et al., 2017).  
In both the DNA methylation and gene expression data, we observed enrichment of 
immune- and inflammation-related pathways. In our network analysis, we identified 
STAT3 as a conserved hub gene across all striatal brain regions and a similar gene 
network has been observed in the hippocampus in a rodent model of alcohol 
withdrawal (Chen et al., 2021). STAT3 is a member of the JAK/STAT signaling 
pathway and is further known to play a role in the transcriptional activation of the C-
reactive protein (Zhang et al., 1996), a key inflammatory protein, which is mainly 
synthesized by liver hepatocytes (Sproston & Ashworth, 2018). While STAT3 activation 
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promotes inflammation, it can also have a protective effect on liver injury (Zhao et al., 
2021) and vice versa. For example, a knockout of STAT3 in mice has been associated 
with increased alcohol-associated liver injuries (Miller et al., 2010). In light of this study 
and similar findings in rodents (Chen et al., 2021), the influence of STAT3 knockout 
and overexpression on alcohol intake behavior and alcohol-associated organ damage 
should be investigated in a rodent model, which allows for harvesting both liver and 
brain from the animal. 
At the same time, it is known that many solid tumors show increased STAT3 activation 
(Bharti et al., 2004; Kanda et al., 2004; Mora et al., 2002), which promotes cell survival 
and immune tolerance in tumor cells (Avalle et al., 2012). Further, STAT3 activation is 
required for tumorigenesis in a variety of cancers, e.g. in skin (Pedranzini et al., 2004) 
and thyroid cancer (Couto et al., 2012), and inhibition of STAT3 leads to growth arrest 
and apoptosis in tumor cell lines (Bharti et al., 2004; Mora et al., 2002). It is therefore 
important, that future studies not only explore further how knockout and 
overexpression of STAT3 affect rodents with and without an AUD phenotype, but 
specifically investigate tumorigenesis in the animals as a potential side effect of STAT3 
overexpression.  
 

4.2 Methodological Considerations 

4.2.1 Methodological Differences between Study 1 and Study 2 

In study 1, we performed an EWAS and a network analysis, WGCNA, in BA9, ACC, 
VS, CN and PUT. In the second study, the three striatal brain regions were additionally 
analyzed using RNA-sequencing and data integrated with DNA methylation. RNA-
sequencing is much more cost intensive than analyzing DNA methylation on a 
microarray. Therefore, we focused on the brain regions for which we observed 
significant methylation differences in the EWAS. In addition, the Kapoor et al. (2019) 
study used samples from BA9 stemming from the same brain bank and we aimed to 
avoid sample overlap.  
Another difference is the procedure of WGCNA network construction. Before 
performing WGCNA on DNA methylation data, a filtering step needs to be applied to 
reduce the number of CpG sites analyzed. In study 1, we filtered for AUD-associated 
CpG sites in the EWAS, following the example of a previous study (Liu et al., 2021). 
This approach enables the identification of co-methylated modules within the AUD-
associated CpG sites. However, one of the strengths of WGCNA is related to its 
potential to identify regulatory networks based on the intercorrelation of features. By 
filtering for AUD-associated features, this ability is somewhat diminished, as other CpG 
sites that are not themselves associated with AUD could also be an important part of 
a module. Therefore, we repeated the WGCNA analysis in study 2 applying a less 
biased filtering approach. Here, quantile normalized beta values were filtered for 
promoter and enhancer associated CpG sites. The rationale was to select sites which 
are likely to influence on gene expression, while retaining the bottom-up approach of 
WGCNA.  
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4.2.2 Batch Effects and the Neurocircuitry of Addiction 

The goal of this study was to investigate the molecular mechanisms of AUD in multiple 
brain regions belonging to the neurocircuitry of addiction. At the same time, we did not 
compare the different regions directly. One reason was because of confounding 
between sequencing batch and brain region. Batch is a very prominent driver of 
variation in both DNA methylation (Michels & Binder, 2018) and RNA sequencing 
studies (Conesa et al., 2016). To balance out batch effects, samples need to be 
randomized across processing plates. In our experiment we had several potential 
drivers of variance, such as AUD status, sex and smoking. Therefore, we decided to 
process each brain region on a separate plate and randomize samples on each plate 
for AUD status, sex, and smoking. While this approach provided us with a well-
randomized balanced design within each brain region, it does not allow for a direct 
statistical comparison between the regions.  
It also has to be noted that the entire set of five brain regions was not available for 
each donor. This has implications for within-subject testing, which is now possible in a 
multi-omics framework as discussed in the next section.  
 

4.3 Multi-Omics Analyses 

4.3.1 Overlap of DNA Methylation and Gene Expression 

In the present studies, the investigation of multi-omics was not only able to show 
convergent evidence for neuroinflammation in AUD, but it also underlined that 
differential methylation does not necessarily lead to differential gene expression. Many 
of the CpG sites differentially methylated in study 1 were not associated with differential 
gene expression in study 2. There are several reasons for this observation. First, to 
impede transcription factor binding, several CpG sites in close proximity need to be 
methylated (CpG islands) and a single DMP might not have a direct impact on gene 
expression (Moore et al., 2013). Second, there is a variety of other epigenetic 
mechanisms, such as histone modifications and chromatin accessibility, but also 
hydroxymethylation of DNA, which also affect transcription (Gibney & Nolan, 2010). 
DNA methylation studies can have different trajectories, such as the discovery of 
biomarkers predicting diseases, which has been successfully done for smoking 
(Bollepalli et al., 2019). In our study, the aim was to identify functional mechanisms of 
DNA methylation differences in AUD using a microarray technology which is 
associated with several limitations. While the EPIC BeadChip covers about 850.000 
CpG sites, the majority of probes are located in intergenic regions and in the gene 
body. When analyzing DNA methylation together with gene expression, DNA 
methylation in promoter and enhancer regions, which commonly harbor CpG islands, 
is of particular interest. These areas only represent a small percentage of the probes 
on the EPIC BeadChip and usually promoter regions are covered by not more than 2 
or 3 CpG sites. As established in previous studies in the field of cancer research, 
drastic changes in DNA methylation are required to produce changes in gene 
expression. Yet, it can be argued that profound changes in DNA methylation should 
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be adequately represented by a small number of sites. When investigating functional 
mechanisms of phenotypes, which may have smaller effect sizes, a more detailed 
characterization of DNA methylation, such as using reduced representation or whole 
genome bisulfite sequencing may be advantageous. 
 

4.3.2 Multi-Omics Integration Methods 

There is a rapid increase in the number of multi-omics integration tools available. A 
recent publication presented MEFISTO, which allows for within and between subject 
comparisons in multi-omics data (Velten et al., 2022). This could have enabled direct 
statistical comparison of gene expression between the brain regions in study 2, but 
was released just after the manuscript was reviewed. MEFISTO is based on the multi-
omics factor analysis (MOFA) tool representing the first dimensionality reduction multi-
omics method (Argelaguet et al., 2018). Although we applied MOFA to our dataset, the 
results were not interpretable, because DNA methylation did not explain enough 
variance. This could be related to the microarray technology used, or because of the 
type and quality of tissue we investigated. 
 

4.4 Tissue 

Postmortem human brain tissue is a very valuable resource, but has several limitations 
that need be considered. One limitation that has an immediate impact on statistical 
procedures is the sample size, which has already been discussed. Even more 
important is tissue quality, which varies greatly between individuals as well as between 
tissue resources. As discussed in studies 1 and 2, this can be in part accounted for by 
controlling for RIN, postmortem interval and the pH value of the brain sample. Adding 
RIN, PMI and/or pH as covariates assumes that they affect the outcome, gene 
expression and DNA methylation, linearly. For gene expression, it has been shown 
that including RIN in the linear model is an adequate control, if RIN and the effect of 
interest are not associated (Gallego Romero et al., 2014). However, it is unclear how 
AUD status affects RIN. 
Another major factor that has not been sufficiently described in the literature is how 
cause of death is related to DNA methylation and gene expression patterns in the brain. 
It is unknown whether the same biological processes occur independently of the cause 
of death or if a sudden death, e.g., traumatic brain injury after a car accident, and a 
prolonged phase of dying have differential impact on the molecular architecture of the 
brain. For peripheral blood it has been shown that the transcriptomic profile is more 
dependent on whether blood was taken pre- or postmortem than on cause of death 
(Ferreira et al., 2018). In our sample, cause of death is very heterogeneous between 
individuals, but also between groups. In addition, it is not clear how DNA methylation 
and gene expression might differ in living and postmortem brain tissue. In line with this, 
it must be noted that brain banks differ in their sampling procedures. Donors die not 
only due to different causes, but also in different environmental conditions, such as 
extreme heat, which can affect RNA quality. 
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In conclusion, while postmortem human brain tissue is the best available way to non-
invasively study molecular mechanisms directly in the brain, it comes with many 
caveats. 
 

4.5 Outlook 

4.5.1 Translational Indications 

Multi-omics analyses in postmortem human brain tissue inevitably investigate long 
term changes of AUD rather than mechanisms involved in the development. This can 
be seen as a limitation, but also as a chance to develop treatments that target the 
consequences of AUD instead of reversing the AUD status. For example, Lohoff et al. 
(2018) were able to identify PCSK9 inhibitors as a possible treatment for AUD-
associated health consequences, such as liver fibrosis and increased stroke risk, 
through EWAS. Treatment with the PCSK9 inhibitor does not target abstinence, but 
aims to improve the quality of life for patients with AUD. A similar approach could be 
explored for inflammation-reducing drugs.  

4.5.2 Meta-Analysis 

By now, several studies of DNA methylation in AUD in postmortem human brain tissue 
have been published. Many of them had not been published prior to the presented 
studies 1 and 2. A meta-analysis of these datasets could significantly reduce noise and 
identify true signals. Of course, this proposes challenges, especially in harmonizing 
the data. Because technical effects and the correction for them heavily influences 
microarray and sequencing analyses, findings should not be compared exclusively 
based on summary statistics. Instead, a joint preprocessing of raw data is necessary 
to reduce technical variability between individual studies. 

4.5.3 Extending Multi-Omics 

The joint analysis of DNA methylation and gene expression is only one example of 
multi-omics. There are many other molecular features that can and should be 
integrated to deepen the understanding of molecular mechanisms in AUD. Just as 
differential DNA methylation does not necessarily lead to differential mRNA 
expression, differential mRNA expression does not necessarily result in differential 
protein expression. For now, it is not possible to accurately depict all molecular 
mechanisms in a tissue sample, but it might be sufficient to focus analyzes on a couple 
of -omics, which allow conclusions about other biological processes. For example, in 
single nuclei ATAC-seq enrichment for transcription factor binding motifs can be tested 
instead of having to analyze it in the wet lab. In any case, extending our efforts to 
proteomics and the study of small RNAs could help to get a more detailed picture of 
the molecular interplay that is associated with AUD.  
In addition, DNA methylation and gene expression should be studied on the single-
nuclei level, which enables a cell-type specific investigation. More importantly, single-
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nuclei multiome analyses allow the characterization of DNA accessibility and gene 
expression in the same cell. Single-nuclei analyses could be a great asset to 
postmortem human brain studies, as quality metrics can be calculated for each cell 
enabling a more targeted correction and exclusion procedure than adding covariates 
to a linear model. 
 

4.6 Conclusion 

We identified epigenetic and transcriptomic signatures of AUD in postmortem human 
brain samples of individuals with and without AUD. We present convergent evidence 
for the importance of neuroinflammation in AUD and provide a basis for the functional 
validation of inflammation and immune response pathways in animal or iPSC models.  
It has been shown that multi-omics analysis is beneficial for interpreting findings from 
single-omics analyses. At the same time, our studies underline the rapid development 
of the field and analysis techniques that are consistently refined and extended. 
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5 SUMMARY 

5.1 English Summary 

Alcohol use disorder is characterized by a loss of control over alcohol intake and 
contributes to a large number of premature deaths worldwide by representing a strong 
risk factor for numerous diseases. Despite decade-long research on alcohol use 
disorder, treatment options are limited and relapse rates following withdrawal treatment 
are high. Currently, alcohol use disorder is understood as a brain disorder as 
neuroimaging studies have shown substantial alcohol use disorder-associated 
connectivity and activity alterations in the human brain. This led to the hypothesis of a 
neurocircuitry of addiction involving multiple brain regions such as the ventral and 
dorsal striatum, but also cortical regions that display aberrant functional connectivity 
patterns in alcohol use disorder. These profound brain changes in alcohol use disorder 
are assumed to be established by molecular processes such as aberrant DNA 
methylation and gene expression patterns. To investigate these processes in the 
human brain, postmortem brain tissue depicts a valuable resource. Previous studies 
have been published reporting on alcohol use disorder-associated differential 
methylation or differentially expressed genes mainly in the prefrontal cortex. So far, no 
analysis has integrated DNA methylation and gene expression data in a multi-Omics 
approach. Further, it remains unclear how alterations in DNA methylation and gene 
expression are related to each other in the alcohol use disorder brain. The overall aim 
of the presented studies was to identify functionally relevant molecular mechanisms of 
alcohol use disorder in the neurocircuitry of addiction.  
 
To address these points, the first paper aimed to expand the epigenetic 
characterization of alcohol use disorder to the neurocircuitry of addiction by performing 
an epigenome-wide association study of DNA methylation in alcohol use disorder in 
five brain regions: the cortical regions anterior cingulate cortex and Brodmann Area 9, 
and the striatal regions caudate nucleus, putamen, and ventral striatum. In the second 
study, the gene expression profile of the striatal brain regions was investigated using 
RNA-Sequencing enabling the integration of DNA methylation and gene expression 
data in a multi-omics approach. The biological implication of alcohol use disorder-
associated DNA methylation and expression signatures was investigated in both 
studies using a comprehensive set of bioinformatic tools including Gene Ontology- and 
gene-set enrichment analyses, weighted correlation network analyses, enrichment 
analyses of results from genome-wide association studies of substance use disorder 
phenotypes, and protein-protein interaction networks.  
 
In the epigenome-wide association study of alcohol use disorder in five brain regions, 
20 differentially methylated CpG sites were detected, two in caudate nucleus and 18 
in the ventral striatum, that were associated with alcohol use disorder at epigenome-
wide significance. Alcohol use disorder-associated DNA methylation signatures were 
strongest in the caudate nucleus, putamen, and ventral striatum and were enriched 
within immune-related cellular pathways. Gene expression analysis in the second 
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study suggested converging evidence for inflammatory and immunological signaling in 
alcohol use disorder. While the overlap of differential methylation and differential 
expression at the gene level was limited, it was evident on the network level. Consistent 
differential expression of the ARHGEF15 gene was found in the caudate nucleus, 
putamen, and ventral striatum in alcohol use disorder. Further, the STAT3 gene was 
identified as a conserved hub node in alcohol use disorder-associated gene networks 
and might be a promising candidate for further evaluation.  
 
In conclusion, this is the first study that integrated DNA methylation and gene 
expression data from the same individuals in multiple brain regions in the context of 
alcohol use disorder. Converging evidence from this study supports the role of (neuro) 
inflammation in the pathophysiology of alcohol use disorder. Methods for multi-omics 
integration are rapidly emerging and the integration of multiple omics including 
epigenome-wide DNA Methylation, transcriptomics, proteomics, and non-coding RNAs 
enables the complementation, but also the prioritization of findings from single omics 
layers. In follow-up studies, functional validation of multi-omics-derived candidate 
genes and pathways should be performed using animal models and patient-derived 
brain organoids. Conducting such precision medicine approaches might lead to the 
discovery of novel therapeutic strategies in alcohol use disorder, which are urgently 
required.  
 

5.2 German Summary – Zusammenfassung in deutscher Sprache 

Die Alkoholkonsumstörung ist gekennzeichnet durch Kontrollverlust über den 
Alkoholkonsum und trägt in hohem Maße zur weltweiten Morbidität und Mortalität bei, 
da sie einen Risikofaktor für zahlreiche Erkrankungen darstellt. Trotz jahrzehntelanger 
Forschung auf dem Gebiet der Alkoholkonsumstörung sind die 
Behandlungsmöglichkeiten begrenzt, und die Rückfallquoten nach einer 
Entzugsbehandlung hoch. Gegenwärtig wird die Alkoholkonsumstörung als eine 
Störung des Gehirns verstanden, da Neuroimaging-Studien erhebliche, mit der 
Alkoholkonsumstörung zusammenhängende Konnektivitäts- und 
Aktivitätsveränderungen im menschlichen Gehirn nachgewiesen haben. Dies führte zu 
der Hypothese einer „neurocircuitry of addiction“ (neuronaler Suchtschaltkreis), an der 
mehrere Hirnregionen, wie das ventrale und dorsale Striatum, aber auch kortikale 
Regionen beteiligt sind, die bei der Alkoholkonsumstörung abweichende funktionelle 
Konnektivitätsmuster aufweisen. Es wird angenommen, dass diese tiefgreifenden 
Veränderungen des Gehirns bei der Alkoholkonsumstörung durch molekulare 
Prozesse wie veränderte DNA-Methylierung und Genexpressionsmuster bedingt sind. 
Postmortales Hirngewebe stellt eine wertvolle Ressource dar, um diese Prozesse im 
menschlichen Gehirn zu untersuchen. In früheren Studien wurde über eine mit 
Alkoholkonsum assoziierte differentielle Methylierung oder differentielle 
Genexpression vor allem im präfrontalen Kortex berichtet. Bislang gibt es keine Studie 
im Feld der Alkoholkonsumstörung, die DNA-Methylierungs- und 
Genexpressionsdaten in einem Multi-Omics-Ansatz integriert. Darüber hinaus ist nach 
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wie vor unklar, wie Veränderungen der DNA-Methylierung und der Genexpression im 
Gehirn bei der Alkoholkonsumstörung zusammenhängen. Das übergeordnete Ziel der 
vorgestellten Studien bestand darin, funktionell relevante molekulare Mechanismen 
der Alkoholkonsumstörung in der neurocircuitry of addiction zu identifizieren.  
 
Dazu wurde eine epigenomweite Assoziationsstudie zur DNA-Methylierung bei 
Alkoholkonsumstörung in fünf Hirnregionen durchgeführt: in den kortikalen Regionen 
anteriorer cingulärer Kortex und Brodmann Area 9 sowie in den striatalen Regionen 
Nucleus caudatus, Putamen und ventrales Striatum. In der zweiten Studie wurde das 
Genexpressionsprofil der striatalen Hirnregionen mittels RNA-Sequenzierung 
untersucht, was die Integration von DNA-Methylierungs- und Genexpressionsdaten in 
einem Multi-omics-Ansatz ermöglichte. Die biologische Bedeutung der mit 
Alkoholkonsum assoziierten DNA-Methylierungs- und Expressionssignaturen wurde in 
beiden Studien mit Hilfe einer umfassenden bioinformatischen Analyse-Sequenz 
untersucht, darunter Gene-Ontology- und Gene-set-Enrichment-Analysen, Netzwerk-
analysen, Enrichment-Analysen von Ergebnissen aus genomweiten 
Assoziationsstudien zu Phänotypen von Substanzkonsumstörungen und Protein-
Protein-Interaktions-Netzwerke.  
 
In der epigenomweiten Assoziationsstudie zur Alkoholkonsumstörung in fünf 
Hirnregionen wurden 20 differentiell methylierte CpG-Sequenzen entdeckt, zwei im 
Nucleus caudatus und 18 im ventralen Striatum, die auf Ebene der epigenomweiten 
Signifikanz mit der Alkoholkonsumstörung in Verbindung gebracht wurden. Die mit der 
Alkoholkonsumstörung assoziierten DNA-Methylierungssignaturen waren im Nucleus 
caudatus, im Putamen und im ventralen Striatum am stärksten ausgeprägt und zeigten 
eine Anreicherung für immunbezogene Signalwege. Die Genexpressionsanalyse in 
der zweiten Studie wies in Zusammenhang mit den Ergebnissen der ersten Studie auf 
konvergierende Befunde für entzündliche und immunologische Signalwege bei der 
Alkoholkonsumstörung hin. Während die Überschneidung von differentieller 
Methylierung und differentieller Genexpression begrenzt war, zeigte sich eine 
Überschneidung der Befunde in der Netzwerkanalyse. Eine konsistente differentielle 
Expression des ARHGEF15-Gens wurde im Nucleus caudatus, im Putamen und im 
ventralen Striatum bei der Alkoholkonsumstörung festgestellt. Darüber hinaus wurde 
das STAT3-Gen als konservierter Knotenpunkt in Gennetzwerken identifiziert, die mit 
der Alkoholkonsumstörung in Verbindung stehen. STAT3 stellt damit einen 
vielversprechenden Kandidaten für weitere Untersuchungen dar.  
 
Zusammenfassend ist dies die erste Studie, in der DNA-Methylierungs- und 
Genexpressionsdaten von denselben Personen in mehreren Gehirnregionen im 
Zusammenhang mit der Alkoholkonsumstörung integriert wurden. Die 
konvergierenden Erkenntnisse aus dieser Studie unterstützen die Rolle der (Neuro-) 
Inflammation in der Pathophysiologie der Alkoholkonsumstörung. Die Methoden für die 
Datenintegration auf Basis eines Multi-Omics-Ansatzes entwickeln sich rasant, und die 
Integration mehrerer Omics-Ebenen, einschließlich epigenomweiter DNA-
Methylierung, Transcriptomics, Proteomics und nicht-kodierender RNAs, ermöglicht 
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eine Erweiterung der Datenbasis und die Priorisierung von Erkenntnissen aus 
einzelnen Omics-Ebenen. In Folgestudien sollte eine funktionelle Validierung der aus 
der Multi-Omics-Analyse abgeleiteten Kandidatengene und Signalwege anhand von 
Tiermodellen und aus Patientengewebe generierten Hirnorganoiden durchgeführt 
werden. Die Durchführung solcher präzisionsmedizinischen Ansätze könnte zur 
Entdeckung dringend benötigter neuer therapeutischer Strategien bei der 
Alkoholkonsumstörung beitragen. 
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