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Abstract

Background: Alcohol use disorder (AUD) is a wide-spread, heritable brain disease, but few
studies have linked genetic variants or epigenetic factors to brain structures related to AUD in
humans, due to many factors including the high-dimensional nature of imaging and genomic data.

Methods: To provide potential insights into the links among epigenetic regulation, brain structure
and AUD, we have performed an integrative analysis of brain structural imaging and blood DNA
methylome data from 52 AUD and 58 healthy control subjects collected in the Nathan Kline
Institute-Rockland Sample (NKI-RS).

Results: We first found that AUD subjects had significantly larger insular surface area than
healthy controls in both left and right hemispheres. We then found that 7,827 DNA methylation
probes on the HumanMethylation450K Beadchip had significant correlations with the right insular
surface area (FDR<0.05). Furthermore, we showed that 44 of the insular surface area-correlated
methylation probes were also strongly correlated with AUD status (FDR<0.05). These AUD-
correlated probes are annotated to 36 protein coding genes, with 16 genes (44%) having been
reported by others to be related to AUD or alcohol response, including 7ASZ2R16and PERZ. The
remaining 20 genes, in particular ARHGAPZ2, might represent novel genes involved in AUD or
responsive to alcohol.
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Conclusion: We have identified 36 insular surface area- and AUD-correlated protein-coding
genes that are either known to be AUD- or alcohol-related or not yet reported by prior studies.
Therefore, our study suggests that the brain imaging-guided epigenetic analysis has a potential of
identifying possible epigenetic mechanisms involved in AUD.
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INTRODUCTION

Alcohol use disorder (AUD) has been considered a brain disease, and extensive brain
imaging studies have revealed brain structural and functional alterations related to AUD or
alcohol response (Litten et al., 2015). Moreover, AUD has been found to be 40-70%
heritable, and numerous genetic, epigenetic and genomic studies have identified many genes
that are linked to or associate with AUD or are responsive to alcohol uptake (Reilly et al.,
2017, Warden and Mayfield, 2017, Palmisano and Pandey, 2017). Clearly, in order to
develop effective prevention or treatment strategies, it is essential to identify the genetic
variants that link to brain features causing or impacted by AUD.

The insular cortex has been suggested to be involved in or impacted by AUD and other
addictive behaviors, given its critical role in multiple brain processes including cognitive
functioning, perception, motor control, self-consciousness, and emotional regulation (Naqvi
and Bechara, 2009). For example, subjects with alcohol dependence or cocaine addiction
have reduced insular cortical thickness (Makris et al., 2008, Durazzo et al., 2011) or reduced
posterior insula activity during risky choice tasks (Stewart et al., 2014). However, the
opposite relationships between insular structural features or activity and AUD or other
addictive behaviors have also been reported. Bilateral insula damage was found to associate
with loss of addictive craving (Nagvi et al., 2007), indicating a requirement for the insular
activity in addiction. Similarly, it has been reported that the insula activity increased in
response to drug-related cues (Schacht et al., 2013), and cue-induced insula activity was
positively associated with severity of alcohol addiction (Claus et al., 2011). In our recent
study using the Nathan Kline Institute-Rockland Sample (NKI-RS) and the Human
Connectome Project (HCP) sample, we did not find a group difference between AUD and
healthy controls (HC) in the insular cortical thickness, although AUD impacted the
correlation of insular cortex thickness and neuroticism (Zhao et al., 2017). To interpret these
conflicting reports, in particular activation of the insula, an interoceptive tuning mechanism
has been proposed (Droutman et al., 2015). That is, the insular function likely helps
optimize one’s choice of stimulus by internally adjusting the reward value of that stimulus
so that the stimulus best satisfies individual’s internal and external environmental needs.
Overall, these studies have supported an important role for the insular cortex in alcohol and
other drug addictions, and thus the insula has been the subject of our current study.

Many genetic and genomic studies have led to the identification of genes which are linked to
or associated with AUD or exhibit differential expression or epigenetic modifications in
response to alcohol treatment [reviewed in (Reilly et al., 2017, Warden and Mayfield, 2017,
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Palmisano and Pandey, 2017, Zhang and Gelernter, 2017, Tulisiak et al., 2017)]. Based on
the Ethanol-Related Gene Resource (ERGR) database (Guo et al., 2009), in human alone
3,311 alcohol-related genes have been found. As epigenetic regulation is critical for
regulation of gene expression, emerging epigenetic or epigenomic studies have been
performed to reveal epigenetic variants, in particular DNA methylation, related to AUD or
alcohol response (Schuebel et al., 2016, Reilly et al., 2017, Warden and Mayfield, 2017,
Palmisano and Pandey, 2017). Because of the convenience of collecting blood samples
combined with the problem of access into the brain tissues of living subjects, blood has been
frequently used in DNA methylation studies, leading to the identification of hundreds to
thousands of differentially methylated probes (Philibert et al., 2012, Zhang et al., 2013a,
Zhang et al., 2013b, Zhao et al., 2013, Ruggeri et al., 2015, Xu et al., 2017, Liu et al., 2018).
Despite these encouraging progress, the major genes responsible for the AUD pathogenesis
have not been identified yet, which is a common problem, dubbed “missing heritability”, for
many other psychiatric diseases (Zhao and Castellanos, 2016). Furthermore, it is even more
challenging to identify the genes that link to brain structure and function and eventually to
behaviors caused by alcohol drinking or AUD, with limited progress so far (Ruggeri et al.,
2015). Several factors have been known to account for this situation, including the
heterogeneity of AUD, the lack of large samples collected systematically across different
levels of analysis, and the need to develop methods for integrated analysis of large-scale,
high-dimensional brain imaging and genetic datasets.

In this study, we integrate imaging endophenotypes with genome-wide methylome analysis
to boost statistical power using a community cohort dataset, NKI-RS, which contains brain
imaging data and blood DNA sample. Our results showed that integrated imaging epigenetic
analysis will help identify significant AUD-associated genes that would not be possibly
detected by associating directly methylation probes with AUD in studies with small sample
size. This is presumably due to the stronger link between brain structure and AUD than that
between methylation probes and AUD status. In our prior work we used the NKI-RS dataset
to reveal that AUD diagnostic history impacts the correlation of personality traits and the
brain cortical thicknesses (Zhao et al., 2017). As the insular cortical thickness was not
correlated with AUD, we therefore tested whether other measurements of the insular cortex
might show correlations with AUD. We first found that AUD subjects had significantly
larger insular surface area in both left and right hemispheres than HC. We then identified the
DNA methylation probes that were correlated with the right insular surface area, while no
DNA methylation probes were found to associate with the left insular surface area after
multiple testing adjustment. Finally we found that 44 of those right insular surface area-
correlated probes turned out to correlate with AUD status.

MATERIALS AND METHODS

Participants

A sample of 122 participants with both brain image and blood DNA samples available were
selected from NKI-RS (Nooner et al., 2012). Specifically, there were 61 subjects with
lifetime AUD status as of March 2015. All AUD subjects except one had past AUD
diagnosis with an average of 26.1 (£16.1) years of regular alcohol consumption defined as
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drinking at least once per month. Five of AUD subjects reported no alcohol use within the
past 12 months. More than half of AUD subjects (52%) had one or more comorbid
conditions. Among those with co-morbid conditions, 12 (44.4%) AUDs co-morbid with
cannabis use disorders (CUD), 3 (11.1%) comorbid with cocaine use disorders (COD), and 5
(18.5%) comorbid with both CUD and COD. Those 61 AUDs were group matched with 61
healthy controls (HC) on age, gender, and race (i.e., White vs. others). Healthy controls were
defined as those who had no diagnosis or condition on Axis I disorders. None of the study
subjects had a medical history of convulsion, seizures, epilepsy, schizophrenia, serious head
injury, or psychotic illness. After DNA methylation profiling, brain image pre-processing
and behavioral data checking, we have complete data on a total of 110 subjects including 52
AUDs and 58 HCs.

Structural brain image preprocessing

T1-weighted Structural MRI image pre-processing using the recon-all pipeline from
FreeSurfer version 5.3.0 and data quality checking were described elsewhere (Zhao et al.,
2017). Briefly, mean cortical surface area of 68 gyral regions based on the Desikan-Killiany
atlas (Desikan et al., 2006) were extracted for each participant. Quality control of cortical
measurements followed the steps outlined in the ENIGMA protocol (http://
enigma.ini.usc.edu/protocols/imaging-protocols/). In this project, we were only interested in
insular surface area at both hemispheres.

DNA methylation profiling and initial data preprocessing

The blood draw was performed on the first day of the visit by the NKI-RS study team
(http://fcon_1000.projects.nitrc.org/indi/enhanced/sched.html). DNA from peripheral blood
cells was prepared and maintained in the Biologic Core (Rutgers University’s RUCDR
Infinite Biologics) and ordered through the NIMH Genetics Repository (https://
www.nimhgenetics.org). HHlumina Infinium HumanMethylation450K BeadChip array,
covering approximately 480 K CpG sites, was used to profile the blood CpG-based DNA
methylome. DNA purification, labeling, hybridization, scanning and image data processing
were performed in the Microarray Core Facility at University of Texas Southwestern
Medical Center.

The data pre-processing and quality checking were done using R package minfi (Aryee et
al., 2014). Briefly, probes with a detection P value > 0.01 in over 5% of the samples were
removed from analysis. Subset-quantile Within Array Normalization (SWAN) normalization
(Maksimovic et al., 2012) was used to remove technical variability. The predicted sex was
compared with the self-reported sex. We visually inspected the median of the meth and
unmeth signals for each array. The M-value, defined as the log2 ratio of the intensities of
methylated probe versus unmethylated probe, was used in our analysis. M-value was
reported to be more statistically valid than beta value, defined as meth/(meth+unmeth), for
differential analysis of methylation data (Du et al., 2010).

Imaging-guided methylation data analysis

A two-step imaging-guided approach was used to identify methylation probes correlated
with AUD. Specifically, the first step is to identify a set of methylation probes significantly
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associated with residual insular surface area, where residual surface area was the residuals
obtained by regressing surface area on ICV only to compensate individual variability in head
size. By restricting the probes identified in the first step, the second step is to find out which
of them are associated with AUD. In step 1, we built a linear regression model where the
response is M-value and the predictors are AUD diagnosis and residual insular surface,
controlling for age, sex, race, years of alcohol consumption, cannabis and tobacco use status,
Hollingshead socioeconomic status (SES) score, symptomatic distress total score from
trauma symptom checklist — 40 (TSC40) (Elliott and Briere, 1992), and laterality index from
Edinburgh Handedness Questionnaire (handedness) (http://www.brainmapping.org/shared/
Edinburgh.php). To remove unwanted variation (RUV) due to hidden batch effects (Gagnon-
Bartsch et al., 2013), cell type heterogeneity, and other confounders common in epigenome-
wide association studies (Liang and Cookson, 2014), we used the RUVfit() function in R
package missMethyl (Phipson et al., 2016) to detect unwanted factors using control genes
and included them in the model as covariates. Empirical Bayes (eBayes) p-values (Smyth,
2004) were obtained to estimate the associations between methylation probes and insular
surface area and the associations between methylation probes and AUD for all probes. In
step 1, we identify probes significantly associated with insular area controlling for the false
discovery rate (FDR) at 0.05. In step 2, we calculated the FDR adjusted g-value for AUD
only on the probes significantly related to the insula surface area. All analyses were done
using functions in R package missMethyl (Phipson et al., 2016).

Bioinformatic and protein-protein interaction network analyses

RESULTS

DNA methylation probes were annotated to the human genome following the Illumina
protocol. Protein-coding genes whose methylation level was correlated with the insular
surface area were selected for Gene Ontology (GO) analysis with a focus on biological
processes, using the PANTHER web tool (Mi et al., 2013). Protein pathway analysis was
also performed in PANTHER. To find out which of AUD-correlated genes identified in our
study are related to AUD in other studies, a list of 3,311 human genes from the Ethanol-
Related Gene Resource (ERGR) database (Guo et al., 2009) was extracted and compared
with our study’s AUD-correlated genes. In addition, a total of 771 genes related to AUD or
alcoholism collected by the Public Health Genomics Knowledge Base (v4.0), which was
based on published literature and updated on September 6, 2018, were also included for
analysis. For protein-protein interaction network analysis, those insular surface area-
correlated protein coding genes were mapped to human protein-protein interactions
collected and updated by the BioGRID database (Chatr-Aryamontri et al., 2017) on Aug. 25,
2018. Protein-protein interaction networks were visualized by using Cytoscape.

Correlation of the insular surface area with AUD diaghosis status

The HC and AUD subjects do not differ significantly on age, sex, race, handedness, and
social economic status (Table 1). The average Hollingshead SES scores ranged from 43
(HC) to 44.6 (AUD), indicating a predominantly upper-middle class SES for our study
sample. The study samples were mainly right-handed as evidenced by the mean handedness
scores of 65.5 and 66.2 for HC and AUD, respectively. There was a significant difference in
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tobacco and cannabis use status between HC and AUD subjects. Approximately 57.7% and
55.8% AUD subjects were regular smokers and cannabis users, respectively, compared to
only 37.9% and 24.1% in HC subjects. In this sample, 17.3% of AUD subjects had one
comorbid condition (with psychiatric or substance use disorder), and 36.5% had two or more
comorbid conditions. There was no significant group difference in brain total intracranial
volume.

We hypothesized that the insular surface area could correlate with AUD diagnostic status
and thus we used linear regression analysis to test the group difference in left and right
insular surface areas. Controlling for age, sex, race, cannabis and tobacco use status, SES,
TSCA40, and handedness, AUD subjects had significantly larger residual insular surface areas
than HC controls in both right (alpha=109 mm2, p-value < 0.01) and left (alpha=60.0 mm2,
p-value = 0.03) hemispheres (Fig. 1).

Analysis of DNA methylation profiles correlated with right insular surface area

We then used the Empirical Bayes (eBayes) statistical approach to identify the probes that
exhibit a significant correlation of their DNA methylation level (M-value) with the insular
surface area of left and right insular cortex. A total of 7,827 DNA CpG methylation probes
were significantly correlated with the right insular cortical surface area (FDR <0.05), but
none correlated with the left insular surface area after the multiple testing adjustment. The
top 1,000 probes are listed in Suppl. Table S1, and the top 25 probes in Table 2. Among
these 25 probes, eight were negatively correlated with the right insular surface area, while
the majority (68%) of the probes showed positive correlations. Furthermore, all but one
probe (cg07149055 on chromosome 6) were mapped to known protein-coding genes.
Among these, 14 probes have DNA methylation probes corresponding to regulatory regions
including transcription start sites (TSS) and untranslated regions (UTR) of the protein
coding genes, while the others are located to either gene body or specifically 1st exon. One
probe, 913201342, represents two genes, ARNT and CTSK, and thus these 24 probes
represent a total of 25 protein-coding genes.

To provide the biological insights for the insular surface area-correlated protein coding
genes, a list of Top 300 hits was further analyzed. All together these 300 probes represent a
total of 247 protein coding genes (Suppl. Table S2). Among these, six protein-coding genes
(ARHGAP2Z, BAHCCI, MCC, NR3C1, PARPI, and RBMS3) have two probes, and one
gene (PTPRF) has three probes. GO analysis of these 247 genes found that only 13
biological processes were overrepresented, which belong to two major categories, metabolic
regulation and organism development (Suppl. Table S2). Pathway analysis indicated that 55
pathways are represented by these proteins (Suppl. Table S2). These include angiogenesis,
blood coagulation, and insulin-related pathways, which is consistent with the fact that the
blood samples were used in our study. Interestingly, several pathways which are known to be
involved in AUD or alcohol response, such as adrenergic receptor signaling, glutamate
receptor group, GABA-B receptor 11, and Rho GTPase-regulated cytoskeleton signaling, are
also represented by some of the insular-correlated genes. We then mapped the 247 proteins
into the human protein-protein interaction database collected in BioGRID and found that a
total of 81 proteins exhibited at least one binary interactions (Suppl. Fig. S1). Among these,
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56 proteins formed a protein-protein interaction network, with BAG3, RPA2 and PARP1
forming the hubs. The co-methylation pattern for those genes encoding proteins that display
physical interactions indicates a possible epigenetic co-regulatory system for those
interacting protein genes.

Identification of DNA methylation profiles correlated with AUD

Among 7,827 methylation probes significantly correlated with the right insular surface area,
a total of 44 were also correlated with AUD with FDR < 0.05. All but four probes have
negative correlations (Table 3). The majority of the 44 probes could be mapped to genomic
regions corresponding to 36 protein coding genes, with three of these probes each
representing two genes. In addition, two probes (cg23719342, and cg03770410, representing
TASZ2R16 and ZNF831 respectively) were on the list of the Top 25 right insular surface area-
related probes (Table 1).

Bioinformatic analysis of the protein coding genes showing AUD-correlated DNA

methylation

To provide initial clues to the possible involvement in AUD of those 36 protein coding genes
identified above, we searched various databases and recent publications to assess which of
them have been reported to be related to AUD or alcohol response. First, we compared our
list with 3,311 human genes collected in the ERGR database (Guo et al., 2009). ERGR is a
comprehensive alcohol-related gene resource, including similar number of genes in animal
models that have been shown to be responsible for or related to AUD based on the genetic
linkage, association study and microarray expression analyses. We found that 14 out of 36
genes were present in the ERGR database, including C100rf108, DIP2C, FBXL7, CYS1,
SEPT8, MDHZ, FUS, TRIO, TASZR16, USHZA, SDK1, RYR1, PERZ, and KIN (Suppl.
Table S3). Because ERGR was not updated, we then compared our list with a total of 771
AUD-related genes that have been identified in literature through the Public Health
Genomics Knowledge Base. This search resulted in an additional alcohol-responsive gene,
FBNZ (Joslyn et al., 2010). In addition, USEZ was also reported by a study to be affected by
AUD (Zhang et al., 2014). In total, 16 out of 36 (i.e. 44%) AUD-correlated protein coding
genes identified in our study have been reported to be AUD-related or alcohol responsive.
Pathway analysis result showed that adrenergic receptor signaling, glutamate receptor group
I, GABA-B receptor Il, and opioid signaling are among the pathways represented by those
genes, consistent with their roles in AUD or drug addiction in general.

To gain further information on the possible role of those 36 proteins, we constructed a
protein-protein interaction network. Using a first-degree interaction in network construction,
we found that 25 out of 36 AUD-correlated proteins interact with 656 other proteins (Suppl.
Table S3). Several of the AUD-correlated proteins identified here are the major hubs in this
network, including FUS, MDH2, TRIO, PER2, and SEPT8 (Suppl. Figure S2). FUS is the
largest hub in this network (having 335 interacting proteins), followed by MDH2 which
interacts with 50 proteins. In addition, we found that this network contains a total of 192
AUD-related or alcohol-responsive proteins (nodes coded in yellow, see Suppl. Figure S2),
which represent 28% of total proteins in the network. Among these, FUS, PER2 and MDH2
are of particular interest, as 92 out of 335 FUS-interacting proteins, 15 out of 50 MDH2-
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interacting proteins, and 9 out of 18 PER2-interacting proteins are also alcohol-related.
Together, this network analysis indicates that 25 of the AUD-related proteins identified in
our study interact with a sizable number of proteins that are known to be related to AUD or
alcohol response.
DISCUSSION

Use of the brain imaging-guided methylation analysis approach to reveal the blood
epigenetic profiles linked to the variations in brain structure and AUD.

It has been fully recognized that finding or establishing the gene-brain-behavior link, which
is critical for dissecting pathogenic mechanisms of many mental disorders including
addiction, remains a daunting challenge (Zhao and Castellanos, 2016, Bogdan et al., 2017).
One major obstacle is analysis of the large-scale and complex data generated by advanced
omics and various brain imaging technologies. This is because the data generated by omics
(such as DNA sequencing, RNA sequencing and methylome chip) and brain imaging (such
as MRI) is very high-dimensional, while the human subjects are limited in sample size. To
circumvent this problem, various statistical or Big Data approaches and use of
endophenotypes or intermediate brain phenotypes in aiding genetic or epigenetic studies
have been proposed (Zhao and Castellanos, 2016, Bogdan et al., 2017).

In AUD research, it has been reported that use of brain imaging-based electrophysiological
endophenotypes in genetic screen has resulted in the identification of alcohol-related genes
(Dick et al., 2006). In our work, the insular cortical surface area was used to guide DNA
methylation analysis. To the best of our knowledge, we haven’t found any published studies
that reported a difference in the insular cortical surface area between AUD and HC subjects.
However, a recent addiction study (Kaag et al., 2014) did find that cocaine users had a larger
insular surface area than HC and that this surface area was related to trait impulsivity. Given
our similar observation in AUD subjects (who also had a larger surface area than HC), the
insular cortical surface area might have a potential role in alcohol, cocaine and other drug
addiction although its exact neurobiological property in relation to AUD remains to be
further studied. We have found that using the insular surface area-guided methylation
analysis greatly increased power in detecting AUD related probes. Without using the brain-
imaging guided strategy, no AUD-correlated DNA methylation probe could be identified,
showing that the integrated imaging epigenetic analysis can boost statistical power. In
contrast, when we integrated brain structure into epigenetic profiling, we were able to
narrow down from approximately 480 thousand probes to less than 8 thousand that are
correlated with the right insular surface area (which we found has a significant difference
between AUD and HC subjects). Built on this result, a total of 44 methylation probes, which
represent 36 protein-coding genes annotated so far, were found to correlate with AUD. We
believe that this integrated approach is effective in revealing the AUD-related information
hidden from the high-dimensional and complex brain imaging and methylome data.
Although those AUD-correlated genes need to be functionally confirmed for their
involvement in AUD or response to alcohol, the proportion of the genes that are collected in
ERGR can be used to roughly assess the approach effectiveness. Out of 19,194 protein-
coding genes in the human genome, 3,311 were collected in ERGR, i.e. 17% of the human
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genome. Notably, 39% (14 out of 36) of the AUD-correlated genes identified here are
present in ERGR. This indicates a dramatic enrichment of alcohol-related gene identification
in the final stage.

We recognize that, without further studies, it is virtually impossible to determine whether the
genes that are most strongly correlated with the right insular surface area have any biological
relevance to the insular function. This is also attributed by the fact that very few brain
postmortem omic studies have closely examined the insular cortex. Despite the difficulty in
interpreting the gene-to-insula link, the finding that 81 out of 247 proteins encoded by those
genes showing correlations of their methylation level with the right insular surface area are
present in the protein-protein interaction network (Suppl. Fig. S1) suggests a pattern of co-
methylation of those interacting genes. This could be an indication that a common
epigenetic regulatory system is possibly related to insular functioning.

In addition, it should also be noted that the majority of the most significantly insular-
correlated genes were not strongly correlated with AUD status in our study. For example,
only two of the Top 25 insular surface area-related genes, TAS2R16 and ZNF831, were
significantly correlated with AUD. Moreover, we have found that some of the insular-
correlated genes are known to be related to AUD or alcohol response, and yet they were not
correlated with AUD status in our sample. For example, RPA2 and PARP1, the two hubs in
the protein-protein interaction network (Suppl. Fig. S1), are present in ERGR, and thus they
may also be involved in AUD or response to alcohol. Interestingly, these two proteins
interact with several other proteins related to AUD or alcohol response, such as NR3C1,
TUBB and FUBP3 (Suppl. Fig. S1). Furthermore, analysis of the Top 300 insular-related
genes showed that 51 out of 247 protein-coding genes are in the ERGR database (Suppl.
Table S2), but the majority of them were not correlated with AUD in our study. Although
this may raise a concern on the limitation of using an insular feature to identify the AUD-
related genes, it is understandable that not all brain functions of the insular cortex mediate
alcohol response or are impacted by alcohol. Moreover, heterogeneity of AUD indicates that
AUD likely involves multiple sets of genes, and thus some of those alcohol-related genes
reported by prior studies cannot be found in our study with a relatively small, specific
sample.

Possibility of revealing novel AUD-related genes

With the identification of the 36 insular- and AUD-correlated protein coding genes reported
here, two major questions remain to be answered: how to interpret their roles in AUD or
alcohol response, and whether they represent some novel alcohol-related genes that have not
been identified before. First, analysis of the protein-protein interaction network involving 25
out of the 36 proteins (Suppl. Fig. S2) reveals that these insular-correlated, differentially
methylated genes interact with other alcohol-related genes that are not correlated with the
insular surface area and are not regulated at the DNA methylation level. Perhaps, multiple
levels of regulation exist for those alcohol-related, interacting genes, for example through
transcription or translation. By interacting with other alcohol-related genes, many of these
36 AUD-correlated genes may together play an important role in AUD pathogenesis or in
response to alcohol uptake.
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Second, it is encouraging that among those 36 genes, 44% has been reported to be alcohol-
related based on ERGR and most recent alcohol-related literature, and importantly, two of
them (TAS2R16 and PER2) have been functionally linked to AUD, alcohol consumption or
response to alcohol. 7AS2R16, which is one of Top 25 differentially methylated genes
related to the insular surface area, belongs to a family of seven-transmembrane taste
receptors within the G protein-coupled receptor superfamily. A single-nucleotide
polymorphism in the 7AS2R16 coding region shows significant associations with alcohol
dependence or consumption in particular for African American (Hinrichs et al., 2006, Wang
et al., 2007). Given that another member TAS2R38 also associates with alcohol consumption
(Duffy et al., 2004, Wang et al., 2007) and that these two receptors are involved in
controlling the sensitivity to bitter compounds, it indicates a very intriguing link between
oral sensation of bitterness and alcohol drinking behaviors or AUD (Duffy et al., 2004,
Carrai et al., 2017). Thus, the sensory components of alcohol may affect the onset of alcohol
drinking, and genetic variants in the taste-sensing receptors may lead to differential
sensitivity to alcohol taste, consequently affecting the choice of alcoholic beverages and
individual’s drinking behaviors (Carrai et al., 2017). The second most interesting gene is
PERZencoding a transcription coactivator critical for circadian regulation. While its role in
biological clock and sleep disorder is well expected, its involvement in alcohol initially was
a surprise. It was first indicated from the animal model studies showing alteration of
circadian pacemaker system, such as circadian pattern of Per2transcription, in the mice or
rats selectively bred for ethanol preference or in response to increased ethanol consumption
(Chen et al., 2004). Subsequently, Per2 mutant mice were found to increase ethanol
consumption, providing convincing genetic evidence regarding the role of Per2 in alcohol
drinking (Spanagel et al., 2005). In humans, it was identified from a 4-cM dense whole-
genome linkage study involving 484 Irish families by its linkage to the empirically derived
alcohol withdrawal symptoms factor score (Kuo et al., 2006). Variations in PER2 were also
shown to associate with increased alcohol consumption in other human populations
(Spanagel et al., 2005, Comasco et al., 2010, Blomeyer et al., 2013), although one human
study did not find its significant association with alcohol consumption or other
measurements of alcohol drinking behavior (Kovanen et al., 2010). However, in that same
study (Kovanen et al., 2010), several other clock-related genes have been found to associate
with AUD or alcohol drinking behaviors. Overall, these human genetic studies pinpointed an
important role for PERZ2in alcohol drinking. How PERZand other clock-related genes are
regulated by alcohol or impact alcohol response or drinking behavior has received increasing
attentions in particular with the use of mouse models (Partonen, 2015, Davis et al., 2018).
One possible mechanism is that Per2 in mouse may control glutamate transport and
accumulation in the brain (Spanagel et al., 2005). In addition, Per2 likely acts to control the
ethanol seeking behavior via regulating both ethanol metabolism and reward response
(Gamsby et al., 2013). Another mouse study shows that Per2 may be critically involved in
regulating beta-endorphin neuronal function in responses to both acute and chronic ethanol
challenges (Agapito et al., 2010). The impact of ethanol exposure in altering the circadian
expression of Per2and a beta-endorphin precursor gene in the mouse hypothalamus has
been reported (Chen et al., 2004). Given that the insular and the hypothalamus are important
brain structures in the reward system, it is possible that differentially methylated PERZin the
insular cortex controls the reinforcement mechanism in alcohol seeking behavior.
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Besides TASZR16 and PERZ, another potentially interesting gene is FUS, which encodes an
RNA binding protein involved in regulation of gene expression, maintenance of genomic
integrity and mRNA/microRNA processing in neuron cells (Masuda et al., 2016). FUS'is
one of the alcohol-response genes in the ERGR database (Guo et al., 2009), and in
Drosophila it is also differentially regulated following alcohol exposure (Morozova et al.,
2006). In our study, FUS is the largest hub in the AUD-related protein-protein interaction
network analyzed here (Suppl. Fig. 2), and 92 out of 335 FUS-interaction proteins are also
related to alcohol. Thus, if this key regulator of gene expression can be shown to be
functionally involved in AUD or alcohol response, it will provide key insights into
transcriptional regulation in response to alcohol consumption. In addition, the 7R/O gene
also collected in ERGR (Guo et al., 2009) is of potential significance. It encodes Rho
guanine nucleotide exchange factor. Although Rho GTPase, a key signaling switch in
numerous cellular events, has not been demonstrated to function in human alcohol response,
work in animal models has demonstrated that Rho GTPase is critical for mediating alcohol
response (Guasch et al., 2003, Rothenfluh et al., 2006, Romero et al., 2010, Selva and Egea,
2011). In humans, TRIO has been shown to be related to intellectual disability and synapse
function (Ba et al., 2016), and thus it might play an important role in the brain in mediating
ethanol response. In addition, other genes have also been reported to associate with or link to
alcohol-related behaviors or symptoms, such as USHZA (Johnson et al., 2006, Wang et al.,
2011), SDK1 (Hill et al., 2004), FBN2 (Joslyn et al., 2010), and C10o0rf108 (Hill et al.,
2004). Several other genes show differential responses to alcohol drinking or in AUD
subjects by altering either transcription, such as USEI (Zhang et al., 2014), SEPTE (Lewohl
et al., 2000, McClintick et al., 2013), FBXL 7 (Iwamoto et al., 2004), and K/N (Saba et al.,
2006), or by impacting DNA methylation level such as D/P2C (Ruggeri et al., 2015).
Therefore, identification of those known AUD-related genes supports the effectiveness of
our approach and has a potential of providing epigenetic regulatory insights into AUD
pathogenesis involving the insula.

Third, while it needs to be further investigated whether the remaining 20 protein-coding
genes represent novel alcohol-related genes, most of them are expressed in the brain tissues
in addition to blood and some of them have been reported to function in brain or might be
indirectly implicated in alcohol response. The protein products for these genes and their
assigned pathways are listed in Suppl. Table S3, but two groups of genes have potential
significance and thus are discussed here in detail. One is related to GTP-binding proteins or
GTPases and their signaling. GNAOZ, which encodes heterotrimeric GTP-binding protein
G(0) subunit alpha, has been shown to control motor function in humans (Danti et al., 2017),
assigned to the GABA-B receptor 11 signaling and metabotropic glutamate receptor group 11
pathways (Suppl. Table S3), and proposed to be a genetic contributor to variation in physical
dependence on opioids in mice (Kest et al., 2009). ARHGAP22 is a Rho GTPase activating
protein regulating Rho activity, and RANBP17 is a Ran GTPase binding protein controlling
nucleocytoplasmic transport. In a post-hoc analysis, we used Comb-p algorithm (Pedersen et
al., 2012) to identify whether there are any differentially methylated regions (DMRS) in
close proximity to the CpG probes for those 36 insular surface area-and AUD-correlated
protein-coding genes. The genomic autocorrelation was set to 200 bp, and the p-value
threshold for a DMR with a minimum of 2 CpG sites was set at p < 0.05. Interestingly,
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ARHGAP22is the only gene which had eight CpG sites that together showed differential
methylation between AUD and HC subjects (adjusted p-value <0.05). Although these GTP-
binding proteins or GTPases and their regulators have not been shown to function in the
brain yet, a similar Rho activating protein called RhoGAP18B in Drosophila has been
demonstrated to mediate the sedating effects of ethanol by regulating Rhol and Rac GTPase
activity (Rothenfluh et al., 2006). Thus, together with the possible involvement of TRIO in
alcohol use discussed above, our results indicate a potentially important role for
heterotrimeric GTP-binding protein and monomeric GTPase signaling in AUD or alcohol
response. The other group of genes is related to cytoskeleton organization and cell surface
modification, including two collagens (COL6A6, and COL9A3), FBN2 (fibrillin-2), ITGAV
(integrin subunit alpha V), and MYBPH (myosin binding protein H). SEPT8 (a septin),
reported by others to be alcohol-response as discussed above, also regulates cytoskeleton
organization. Furthermore, Rho GTPase signaling network provides a major regulatory
mechanism in cytoskeleton organization. Taken together, although the remaining 20 insular-
and AUD-correlated genes have not been reported to be related to alcohol before, they might
represent novel genes involved in AUD or alcohol response. This intriguing possibility might
be the case in particular for those genes demonstrated or assigned to function in GTPase
signaling, cytoskeleton organization and extracellular matrix modifications. These genes are
co-methylated and thus they may act together to exert the coordinated response to alcohol
and ultimately contribute to the AUD development.

Limitations and conclusion

Several limitations in our study should be discussed here. First, the results were derived from
a community-based NKI-RS dataset without replication. Our study only included a relatively
small sample size (110 subjects in total) and thus our findings need to be replicated. Second,
we acknowledge the importance of replicating the DNA methylation findings. However, due
to limited DNA samples, the 44 CpG probes identified in this study have not been validated
via pyrosequencing or bisulfite sequencing. Third, the DNA methylation level is less likely
correlated with expression for all the genes identified. This is because gene expression is a
complex regulatory process, involving not just DNA methylation. Other epigenetic
modifications, such as acetylation or methylation of histone, are also critical for the robust
control of gene expression in response to ethanol exposure. Fourth, linking DNA
methylation from blood to brain needs to be cautious. Given the tissue or cell type
difference, it is expected that some proportion of genes may not match the methylation
levels in blood and brain. However, due to the brain access constraint, it is virtually
impossible to verify this using the brain DNA samples from subjects in a community cohort.
Despite this concern, strong correlations in DNA methylation between blood and brain
tissues tested have also been reported (Horvath et al., 2012), and thus we speculate that a
certain proportion of the genes identified here might exhibit similar methylation level in the
insula. Indeed, we found that at least three of those 36 genes identified here were also
reported by two prior studies using postmortem brain tissues (Hagerty et al., 2016, Wang et
al., 2016). These include 7/R/O as one of the Rho GTPase signaling genes identified in the
prefrontal cortex (Wang et al., 2016), and SDKZ and ARHGAPZ2in the precuneus of AUD
subjects (Hagerty et al., 2016). Similar to our finding, ARHGAP22was hypomethylated in
AUD subjects (Hagerty et al., 2016). Furthermore, this differential methylation also occurred
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in buccal cells. As discussed above, we found that ARHGAP22 has eight CpG sites that
together are also hypomethylated in blood of AUD subjects. Therefore, given the
demonstrated importance of Rho signaling in alcohol drinking response in non-human
animal models (Guasch et al., 2003, Rothenfluh et al., 2006, Romero et al., 2010, Selva and
Egea, 2011), this Rho GTPase signaling-related gene may be a potential candidate for
follow-up studies in the future. Fifth, our result is correlational instead of causal-effective.
DNA methylation may provide a differential epigenetic signal to regulate brain response to
alcohol and other drugs of abuse, and yet the causal-effect relationship between DNA
methylation and AUD needs to be further studied (Schuebel et al., 2016). Thus, although
44% of the insular surface area- and AUD-correlated genes identified in our study have been
implicated by prior studies to function in AUD or ethanol response, these and other genes
reported here need to be validated by large-scale population genetic studies in humans or
functionally tested in well-designed reverse genetic studies in animal models.

In conclusion, we have used the blood DNA samples to identify 36 protein-coding genes
whose DNA methylation level is correlated with insular surface area and AUD status. This
was achieved by using an integrated brain imaging-based epigenetic screen. First, we have
found that the insular surface areas in both left and right hemispheres are correlated with
AUD, showing larger areas in AUD than HC subjects. We then identified a total of 44 DNA
methylation probes, among approximately 8,000 probes that are correlated with the right
insular surface area. Although it remains a challenge to link the DNA methylation level in
blood samples to that in the brain or even mRNA expression levels in the brain, we have
found that 44% of those 36 protein coding genes have been implicated in AUD or response
to alcohol by prior studies, in particular 7AS2R16and PERZwhich have been functionally
linked to AUD or alcohol consumption. This indicates that a significant proportion of those
insular surface area- and AUD-correlated genes identified in our study, in particular
ARHGAP22Z, may potentially be involved in alcohol response or related to AUD, with some
of them possibly being novel alcohol-related genes. While future replication and functional
validation studies are needed to determine the physiological relevance of those insular
surface area- and AUD-correlated genes, our work suggests that integrated analysis of brain
imaging and epigenetic data with the help of the Big Data approach has a potential of
revealing hidden information that provides the basis for future mechanistic studies of AUD
pathogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Box plots showing increased left (LH) and right (RH) insular surface area in AUD group.
AUD, alcohol use disorders; HC, healthy control; LH, left hemisphere; RH, right
hemisphere.
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Summary of the AUD subjects and health controls used in this study.

Variables HC AUD
Number of subjects 58 52
Agel 45.8 (16.7) 45.8 (16.4)
Gender: Female 33(56.9) 29 (55.8)
Race: White 37 (63.8) 40 (76.9)
ses? 43 (14.2) 44.6 (10.1)
Handedness? 65.5 (50.4) 66.2 (40.4)
TSC4OJ* 15.74 (11.48) 23.23 (13.52)
Brain ICVY (cn) 1471.9 (152.2)  1491.8 (140.0)
Regular smoker * 22 (37.9) 30 (57.7)
Regular cannabis user 14 (24.1) 29 (55.8)
Number of comorbid conditions

0 24 (46.2)

1 9(17.3)

2 8(15.4)

3 6 (11.5)

>=4 5 (9.6)

Notes. HC, healthy controls; AUD, alcohol use disorders; SD, standard deviation; ICV, intracranial volume.

*
indicates significant at 0.05 level.

1 .
report Mean (SD). Otherwise, we report Frequency (%).
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Table 2.

List of top 25 insular surface area-correlated methylation probes ranked by FDR.

IluminaProbelD | Chr. | GeneSymbol | Genomic Location Alpha FDR Effect Size
€g04566037 17 KRTAP3-1 TSS1500 0.00052 | 0.0021 0.58
€g05945401 6 BAT1 Body 0.00053 | 0.0021 0.58
€g24026230 5 NR3C1 5’UTR;TSS1500 -0.00037 | 0.0021 —-0.58
€g02210887 4 GUCY1A3 TSS1500 0.00059 | 0.0047 0.55
€g04564935 17 MEDI13 TSS1500 -0.00037 | 0.0047 —-0.56
€g23677229 14 GPHN TSS1500 0.00045 | 0.0047 0.55
€g24450157 6 DHX16 1stExon;Body —-0.00039 | 0.0047 —-0.56
€g27253887 6 PPIL4 TSS200 -0.00057 | 0.0047 -0.54
€g27585345 1 LDLRADZ TSS1500 0.00038 | 0.0047 0.55
€g23719342 7 TASZR16 TSS1500 0.00040 | 0.0068 0.54
€g01513516 2 TMEM163 Body 0.00047 | 0.0075 0.53
€g03249947 2 FBLN7 5’UTR;1stExon -0.00043 | 0.0075 -0.53
€g03393445 8 SHZD4A Body 0.00048 | 0.0075 0.53
€g05907034 2 GPR113 TSS1500;Body 0.00040 | 0.0075 0.53
€g07149055 6 0.00038 | 0.0075 0.53
€g25829666 3 THRB TSS1500 -0.00057 | 0.0075 -0.53
€g26205859 7 PION Body 0.00057 | 0.0075 0.53
€g03044249 7 WBSCR17 TSS1500 -0.00061 | 0.0075 -0.52
€g07107055 6 ARID1IB Body 0.00042 | 0.0075 0.53
€g16456625 8 MAK16 TSS1500 0.00039 | 0.0075 0.53
€g22505907 3 TCTEX1D2 Body 0.00044 | 0.0075 0.53
€g03770410 20 ZNF831 1stExon 0.00029 | 0.0076 0.54
€g08758387 7 AGAP3 Body 0.00038 | 0.0076 0.52
€g10061361 4 TNIP3 Body -0.00073 | 0.0076 -0.51
€g13201342 1 ARNT; CTSK 3’UTR;TSS1500 0.00043 | 0.0076 0.52

Notes. Alpha, regression coefficient; Chr., Chromosome number; UTR, untranslated region; TSS, transcription start site; FDR, false discovery rate;
Effect size, the effect size for AUD. Empty cells indicate unknown annotation for the genomic regions represented by the probes. Note that four
Probe 1D’s each have two genomic locations for the same probe and one Probe 1D has two genes with their corresponding genomic locations
separated by semicolon.
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also listed for HC and AUD respectively.

Table 3.

List of top AUD-correlated methylation probes ranked by FDR (<=0.05). The Alpha estimation and FDR for
right insular surface area and AUD are separately listed. The methylation levels, as expressed by M-value, are

Page 22

AUD Insular Area M-value
Ilumina ProbelD | Chr. Gene Symbol Genomic L ocation Effect Size
Alpha | FDR Alpha FDR HC | AUD
cg18116574 3 -0.218 | 0.016 | 0.00034 | 0.032 | 3.99 384 -1.34
€g19632594 5 FBXL7 TSS1500 0.171 | 0.029 | -0.00028 | 0.044 | -2.85 | -2.73 1.20
cg03192874 2 ITGAV Body -0.137 | 0.032 | 0.00026 | 0.025 | 3.50 3.39 -1.17
cg03411791 6 -0.171 | 0.032 | 0.00031 | 0.031 | 3.21 3.07 -1.16
€g25023257 1 MYBPH TSS1500 -0.133 | 0.032 | 0.00025 | 0.032 | 3.22 3.09 -1.16
€g21352837 2 CYs1 Body -0.181 | 0.032 | 0.00033 | 0.033 | 3.79 3.64 -1.15
€g04301102 5 SEPTS TSS200; 5’UTR 0.173 | 0.034 | -0.00042 | 0.011 | —4.91 | -4.75 111
cg07619656 7 -0.147 | 0.034 | 0.00034 | 0.013 | 3.32 3.20 -1.11
cg04418999 7 MDH2 Body -0.161 | 0.034 | 0.00029 | 0.039 | 3.04 2.89 -1.10
cg08081390 16 FUS Body -0.161 | 0.037 | 0.00032 | 0.028 | 2.93 2.81 -1.09
€g09534070 2 -0.167 | 0.039 | 0.00036 | 0.020 | 3.08 2.92 -1.07
cg02705758 5 TRIO Body -0.127 | 0.039 | 0.00026 | 0.029 | 2.80 2.72 -1.10
cg00311667 2 THAP4 Body -0.125 | 0.039 | 0.00023 | 0.038 | 3.48 3.38 -1.10
cg13636462 3 COL6A6 Body -0.157 | 0.040 | 0.00028 | 0.047 | 3.35 3.20 -1.07
€g01966522 3 UROCI 1stExon -0.130 | 0.042 | 0.00024 | 0.037 | 3.15 3.04 -1.08
cg00579717 5 RANBP17 Body 0.140 | 0.044 | -0.00032 | 0.020 | -3.61 | -3.51 1.04
cg04014997 3 ZDHHC3 5’UTR -0.148 | 0.044 | 0.00027 | 0.044 | 3.16 3.06 -1.05
cg19683608 10 C100rf108; DIP2C TSS1500; Body -0.130 | 0.044 | 0.00024 | 0.047 | 2.42 2.30 -1.07
€g23719342 TASZR16 TSS1500 -0.130 | 0.044 | 0.00040 | 0.007 | 1.92 1.80 -1.05
€g13240962 1 USHZA Body -0.165 | 0.045 | 0.00038 | 0.020 | 1.96 1.84 -1.03
cg08163494 17 CSH1 TSS1500 -0.128 | 0.045 | 0.00029 | 0.020 | 2.65 2.55 -1.04
cg07841132 20 COL9A3 Body -0.131 | 0.045 | 0.00029 | 0.024 | 2.72 2.62 -1.02
€g26926973 19 -0.152 | 0.045 | 0.00031 | 0.034 | 4.02 391 -1.01
€g19823452 19 USE1 Body -0.110 | 0.045 | 0.00022 | 0.034 | 2.44 2.35 -1.03
€g24864707 11 -0.143 | 0.045 | 0.00027 | 0.048 | 3.27 3.17 -1.01
cg00069391 7 SDK1 Body -0.143 | 0.045 | 0.00027 | 0.049 | 2.69 2,57 -1.02
€g22912497 19 RYR1 Body -0.131 | 0.045 | 0.00032 | 0.014 | 3.72 3.62 -1.01
cg13467459 1 -0.125 | 0.046 | 0.00027 | 0.030 | 3.24 3.16 -1.01
cg05606089 5 AP3B1 Body -0.160 | 0.046 | 0.00032 | 0.037 | 3.32 3.19 -1.00
cg16775752 10 ARHGAP22 Body -0.175 | 0.047 | 0.00033 | 0.048 | 4.36 4.20 -0.99
€g05348366 1 -0.152 | 0.047 | 0.00033 | 0.031 | 3.42 331 -0.99
cg03770410 20 ZNF831 1stExon -0.096 | 0.049 | 0.00029 | 0.008 | 1.97 1.88 -1.01
cg15342873 18 -0.141 | 0.049 | 0.00040 | 0.009 | 3.36 3.29 -0.98
912421075 10 ZRANB1 TSS200 -0.122 | 0.049 | 0.00027 | 0.030 | 2.69 2.59 -0.99
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AUD Insular Area M-value
Ilumina ProbelD | Chr. Gene Symbol Genomic L ocation Effect Size
Alpha | FDR | Alpha | FDR | HC | AUD
€g04093645 5 FBNZ Body -0.136 | 0.049 | 0.00030 | 0.031 [ 3.13 3.03 -0.98
€g21615663 16 1QCK; C160rf88 5’UTR; 5’UTR -0.115 | 0.049 | 0.00023 | 0.041 | 3.48 3.40 -1.00
916559259 10 -0.137 | 0.049 | 0.00027 | 0.043 | 3.12 3.00 -0.98
€g13788000 9 -0.151 | 0.049 | 0.00031 | 0.046 | 2.93 2.83 -0.98
€g03896542 16 GNAO! Body; 3'UTR -0.099 | 0.049 | 0.00025 | 0.014 | 1.94 1.86 -1.00
€g26048388 10 ATP5C1; KIN TSS1500; Body 0.106 | 0.050 | —0.00022 | 0.046 | -3.70 | —-3.62 0.99
€g06980460 11 FOLH1 TSS1500 -0.136 | 0.050 | 0.00027 | 0.047 | 3.06 2.94 -0.97
€g01791906 1 RNF220 Body -0.111 | 0.050 | 0.00028 | 0.018 | 2.77 2.68 -0.98
€g26373541 4 MRFAFP1 3'UTR -0.123 | 0.050 | 0.00028 | 0.026 | 2.51 2.40 -0.97
€g11903188 2 PERZ 5'UTR -0.100 | 0.050 | 0.00021 | 0.046 | 3.18 3.08 -0.99

Notes. Alpha, regression coefficient; Chr., Chromosome No.; UTR, untranslated region; TSS, transcription start site; FDR, false discovery rate;
HC, healthy controls; AUD, alcohol use disorders; Effect size, the effect size for AUD. Empty cells indicate unknown annotation for the genomic
regions represented by the probes. Note that two Probe ID’s each have two genomic locations for the same probe and three Probe 1D’s have two
genes for the same probe, with their corresponding genomic locations separated by semicolon.
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