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Abstract

Twin studies indicate that there is a significant genetic contribution to the risk of developing
alcohol use disorder (AUD). With the exception of coding variants in ADHIBand ALDHZ, little
is known about the molecular effects of AUD-associated loci. We previously reported that the
AUD-associated synonymous polymorphism rs279858 within the GABAA a.2 receptor subunit
gene, GABRAZ, was associated with gene expression of the chr4p12 GABA subunit gene cluster
in induced pluripotent stem cell (iPSC)-derived neural cultures. Based on this and other studies
that showed changes in GABRAZ2 DNA methylation associated with schizophrenia and aging, we
examined methylation in GABRAZ. Specifically, using 69 iPSC lines and neural cultures derived
from 47 of them, we examined whether GABRAZrs279858 genotype predicted methylation levels
and whether methylation was related to GABA receptor subunit gene expression. We found that
the GABRAZ CpG island undergoes random stochastic methylation during reprogramming and
that methylation is associated with decreased GABRAZ gene expression, an effect that extends to
the GABRBI gene over 600 kb distal to GABRAZ. Further, we identified additive effects of
GABRAZ CpG methylation and GABRAZrs279858 genotype on expression of the GABRB1
subunit gene in iPSC-derived neural cultures.
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1| INTRODUCTION

Approximately 8.5% of American adults meet criteria for moderate or severe alcohol use
disorder (AUD) (Grant et al., 2017). AUD is a complex disorder involving genetic and
environmental components, with an estimated heritability of 50-60% (Verhulst, Neale, &
Kendler, 2015). Prior genetic investigations including genome-wide association studies have
shown that AUD is polygenic, with many genes having small individual effects (Sullivan et
al., 2018) that may synergize with each other and interact with social and environmental
factors (Tawa, Hall, & Lohoff, 2016).

Linkage analysis performed by the Collaborative Study on the Genetics of Alcoholism
identified the association of GABRAZ2 with increased risk of AUD in European Americans
(EAs) (Edenberg et al., 2004). The association was confirmed in other case—control studies
(Covault, Gelernter, Hesselbrock, Nellissery, & Kranzler, 2004; Covault, Gelernter, Jensen,
Anton, & Kranzler, 2008; Enoch, 2008; Fehr et al., 2006; Lappalainen et al., 2005), and
more recently in a meta-analysis that included over 3,000 subjects (Li et al., 2014). A
commonly studied tag-single nucleotide polymorphism (SNP) in the AUD-associated yin-
yang haplotype block is the synonymous GABRAZExon 5 T-to-C rs279858 variant, with
the C (minor) allele associated with risk for AUD in EAs. There are 129 SNPs in strong
linkage disequilibrium (LD) (/2 = .8) with rs279858 spanning a 101 kb haplotype block
(hg19 chr4:46,260,587-46,361,545). It is unknown which of these variants are causal for the
increased genetic risk for AUD. This AUD-associated haplotype block in GABRAZ has also
been reported to be associated with a number of behavioral and physiologic
endophenotypes, including childhood conduct disorder (Dick et al., 2006), greater activation
of the insular cortex during anticipation of a monetary reward (Villafuerte et al., 2012), and
greater frequency of electroencephalographic beta-wave oscillations (Edenberg et al., 2004)
—which has been associated with an increased risk of relapse to problematic drinking
(Bauer, 2001). These endophenotypes are not dependent on direct effects of alcohol and
suggest that variants in this region could alter connectivity or patterning during neural
development that may subsequently place individuals at increased genetic risk for
developing AUD.

GABA is the major inhibitory neurotransmitter in the adult human brain, and binds to
ligand-gated GABAA and GABA( receptors to mediate chloride influx into mature neurons.
GABA receptors are typically composed of two a., two B, and either a -y or 6 subunit, with
al and a2 being the most highly expressed GABAa subunits throughout the brain (Barnard
etal., 1998; Pirker, Schwarzer, Wieselthaler, Sieghart, & Sperk, 2000). The majority of
genes encoding GABA, receptor subunits are found within four clusters on chromosomes
4p12 (B1, a4, a2, y1), 5934 (B2, a6, al, y2), 15911 (B3, a5, ¥3), and Xg28 (6, a3, €)
(Steiger & Russek, 2004), allowing for their coordinated developmental regulation via
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common regulatory elements (Barnard et al., 1998; Fillman, Duncan, Webster, Elashoff, &
Weickert, 2010). In B6J mice, it was recently reported that a single base pair change in
GabraZ adjacent to a splice acceptor site was significantly associated with lower expression
of GabraZ mRNA and protein in many brain regions compared with other inbred strains
(Mulligan et al., 2019). Correction of this single base pair deletion restored expression of
Gabra? mRNA and protein, suggesting that this GabraZ sequence variant in B6J mice may
explain strain differences in anxiety-like endophenotypes and behavioral sensitization to
alcohol (Mulligan et al., 2019).

Our laboratory has used an induced pluripotent stem cell (iPSC)-derived neural culture
model to investigate the relationship between rs279858 genotype and RNA levels for
GABRAZ and other three other GABA receptor subunit genes at chr4p12. The
transcription of GABRAZ in neural cultures was significantly lower in rs279858 C-allele
carrier lines than in T-allele homozygotes (Lieberman, Kranzler, Joshi, Shin, & Covault,
2015). Further, expression of the other three GABAA genes in the chr4pl2 cluster was
significantly correlated with GABRAZ expression despite being outside the rs279858-tagged
haplotype block (Lieberman et al., 2015). These results suggest that there are shared
regulatory elements that modify transcription of chr4pl2 GABA receptor subunit genes.

Regulatory mechanisms that could modulate transcription within this region include
promoter-proximal CpG island methylation. Promoter-proximal CpG island methylation is
typically negatively correlated with gene expression (Baylin et al., 2001; Hake, Xiao, &
Allis, 2004; Leung et al., 2015). GABRAZ promoter-proximal CpG island methylation was
reported to be increased in samples from patients with schizophrenia (Rukova et al., 2014),
and the GABRAZ CpG island was identified as one of eight sites out of 50 loci examined
using human brain tissue that underwent a progressive increase in DNA methylation over the
lifespan (Siegmund, Schumm-Draeger, Antoni, & Bibra, 2007). Further, there have been
recent reports that the GABRAZ CpG island may be subject to aberrant methylation during
reprogramming somatic cells to pluripotency (Panopoulos et al., 2017). In light of these
reports, we examined the contribution of GABRAZ promoter-proximal CpG island
methylation to the transcriptional endophenotype observed in iPSC-derived neural cultures.

Specifically we examined: (a) whether the process of reprogramming fibroblasts to iPSCs
has an effect on the methylation level at this promoter-proximal CpG site and its relation to
genotype at the AUD-associated tag-SNP rs279858, (b) whether the level of methylation is
maintained following the differentiation of iPSCs to neural cultures, (c) whether the level of
methylation is associated with the level of transcription in neural cultures for chr4p12
GABA receptor subunit genes, and (d) whether effects of CpG-island methylation and
rs279858 on RNA levels are additive or interactive.

2| METHODS

2.1| Dermal fibroblast cell culture

Fibroblast cell lines were generated from skin punch biopsies donated by participants
enrolled in a study of the effects of alcohol combined with dutasteride in male social
drinkers (Milivojevic, Feinn, Kranzler, & Covault, 2014) or in a clinical trial of
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pharmacotherapy for heavy drinkers (Kranzler et al., 2014). Fibroblasts were cultured in
DMEM (ThermoFisher Scientific; Waltham, MA) with 10% vol/vol FBS. Fibroblast DNA
was genotyped at rs279858 using a commercial TagMan genotyping assay
(C__2073557_1 , ThermoFisher Scientific).

2.2 | Culture of human embryonic stem cell lines

Five human embryonic stem cell (hESC) lines (H1, H9, CT2, CT3, and CT4) obtained from
the UConn Stem Cell Core were grown on irradiated mouse embryonic fibroblasts (MEFs)
using hESC media containing DMEM with F12 (DMEM/F12, 1:1 ratio, ThermoFisher
Scientific) supplemented with 20% Knockout Serum Replacer (ThermoFisher Scientific),
1X nonessential amino acids, 1 mM L-glutamine (ThermoFisher Scientific), 0.1 mM -
mercaptoethanol (MP Biomedicals; Santa Ana, CA), and 4 ng/ml of basic fibroblast growth
factor (bFGF, Millipore-Sigma; Burlington, MA). Cells were passaged weekly. DNA was
harvested from cultures that were 60-80% confluent.

2.3 | Generation of iPSC lines

Fibroblasts were reprogrammed into iPSCs by the Stem Cell core at UConn Health using
retroviral vectors to express five factors (OCT4, SOX2, KLF4, c-MYC, and LIN28) or
Sendai virus to express four factors (OCT4, SOX2, KLF4, and c-MYC). Seventeen
fibroblast lines were reprogrammed using retroviral vectors and 12 lines using Sendai virus
once that protocol became available at the UConn Stem Cell core. iPSCs were grown on
irradiated MEFs using hESC media containing DMEM with F12 (DMEM/F12, 1:1 ratio,
ThermoFisher Scientific) supplemented with 20% Knockout Serum Replacer (ThermoFisher
Scientific), 1X nonessential amino acids, 1 mM L-glutamine (ThermoFisher Scientific), 0.1
mM B-mercaptoethanol (MP Biomedicals), and 4 ng/ml of bFGF (Millipore-Sigma). All
clones used in this study were derived from Caucasian fibroblast donors. We examined 69
iPSC clones (19 T/T, 27 T/C, and 23 C/C, genotyped at rs279858) generated from 29 donors
(mean age = 42.9 (SD = 10.6)); including eight clones from three female donors. iPSC cells
were passaged weekly and DNA was harvested from cultures once they had reached 60—
80% confluency.

2.4 | iPSC differentiation into forebrain neurons

iPSCs were differentiated into forebrain-lineage neural cultures utilizing methods that we
have previously described in detail (Lieberman, Levine, Kranzler, Abreu, & Covault, 2012)
which were adapted from a protocol developed by the WiCell Institute (SOP-CH-207;
www.wicell.org, Madison, WI). In brief, the protocol utilizes an embryoid body-based
protocol wherein iPSC colonies are cultured in suspension for 4 days prior to neural
induction. Neuroepithelial cells were then generated by culturing cells for 3 weeks in neural
induction media containing 1X N2 supplement (Life Technologies) and 2 pg/ml heparin
(Sigma Aldrich), following which cells were dissociated and plated in 24-well plates on
poly-L-ornithine and Matrigel (BD Biosciences, Bedford, MA) coated glass coverslips in
neural differentiation media containing 1X B27 supplement (Life Technologies), 1 pg/ml
laminin (Sigma-Aldrich), and 10 ng/ml each of brain-derived neurotrophic factor
(Peprotech, Rocky Hill, NJ), glial-derived neurotrophic factor (Peprotech), and insulin-like
growth factor 1 (Peprotech). Mature cultures, operationally defined as 12 weeks post neural
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cell plating, contain a mixture of neurons and glial cells. With this protocol, approximately
50% of cells show immunostaining for the glutamatergic neuron transcription factor TBR1
and 25% for GABA-ergic markers (Fink et al., 2017; Lieberman et al., 2020; Lieberman,
Kranzler, Levine, & Covault, 2018). Neurons in these cultures demonstrate spontaneous
synaptic activity, functional ionotropic GABAA and glutamatergic receptors, and an ability
to generate trains of action potentials in response to current injection (Lieberman et al.,
2012) Fink et al., 2017; Lieberman et al., 2020). A comparison of transcriptome profiles for
human iPSC-derived forebrain lineage neural cultures and human postmortem brain tissue
indicated that 12-week iPSC-derived neural cultures are most similar to that of first trimester
forebrain tissue (Brennand et al., 2015; Mariani et al., 2012). Normalized RNA-seq
expression levels (fragments per kilobase of transcript per million mapped reads, FPKM) for
iPSC-derived neural cultures for the chr4p12 GABAA receptor subunit genes (Lieberman et
al., 2015) are similar to those reported for 12-week post-conception human cerebral cortex
(Lindsay et al., 2016) (GABRG1=0.7 vs. 0.8; GABRA2=3.5vs. 3.0; GABRA4=0.4 vs.
0.1, and GABRBI1 = 0.3 vs. 0.3). We have also reported that our iPSC neural differentiation
methods yield cultures with expression quantitative trait loci (eQTLS) correlating more
similarly with those identified in postmortem human cerebral cortex than eQTLs identified
for subcortical brain regions or whole blood (Jensen et al., 2019).

Neural cells generated from 10 iPSC clones (derived from 8 donors) were examined for
GABRAZ CpG island methylation and neural cultures from 47 clones (26 donors) were
available for measures of RNA levels.

2.5| DNA extraction

DNA from fibroblasts, hES cultures, iPSCs, and 12-week old neural cultures was extracted
using the Gentra Puregene Cell Kit (Qiagen; Germantown, MD) following the
manufacturer’s instructions. DNA was rehydrated in 100 ul of DNA Hydration Solution and
stored at —20°C until use.

2.6 | Methylation-sensitive restriction endonuclease-coupled quantitative polymerase
chain reaction assay for GABRA2 CpG island methylation

This protocol was adapted from the EpiTect Methyl 11 DNA Methylation Assay (Qiagen),
which is a refinement of a quantitative DNA methylation assay using methylation-sensitive
and dependent restriction enzymes (REs) described by Oakes, La Salle, Robaire, and Trasler
(2006). Genomic DNA is digested with a mCpG-sensitive (Hhal) or mCpG-dependent
(McrBC) RE and then polymerase chain reaction (PCR) amplified using primers flanking
the region of interest to allow SYBR Green real-time quantitative PCR (qPCR) to measure
levels of methylated (i.e., Hhal digest-resistant) or unmethylated (i.e., McrBC digest-
resistant) DNA relative to sham digested DNA. A 252 bp amplicon (hg19 chr4:46392251—
46392502) encompassing multiple CpG sites in the GABRAZ promoter-proximal CpG
island was designed using the Primer3 software program (Rozen & Skaletsky, 2000) and
included five Hhal and multiple McrBC sites. Genomic DNA (60 ng) was digested overnight
at 37°C in 30 pl reactions containing 1X NEBuffer2, 1 mM GTP, 200 ug/ml BSA, and 2 U
Hhal or McrBC RE (New England Biolabs, Ipswich, MA). Restriction enzymes were
inactivated by incubation at 65°C for 20 min. Mock digests omitting REs, and a double
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digest with both REs were included to provide for each sample a PCR reference Ct for
amount of total target DNA and amount of total digestable DNA, respectively. Then, 4 ul of
DNA restriction digests were PCR amplified in 20 pl reactions containing 600 nM each of
the forward (CTCGATCCCTCGATCCCTGGTAACT) and reverse
(CGCCACACTACATTCCCGGCTTTA) primers and 1X Qiagen RT2 SYBR Green gPCR
MasterMix. Real-time PCR was conducted using an ABI 7500 thermal cycler with SYBR as
the detector and ROX as the passive dye using this thermal profile: 10 min at 95°C; 3 cycles
of 30 s at 99°C followed by 1 min at 72°C; and then 40 cycles of 15 s at 97°C followed by 1
min at 72°C. PCR threshold Ct values for each reaction condition were used together with
the Qiagen EpiTect Methyl I PCR assay excel spreadsheet to calculate the percentage of
PCR amplicons for the surveyed region that are unmethylated versus methylated at the
respective RE sites. The entire assay was repeated in duplicate or triplicate for 75% of
samples with a mean SD for methylation level in a given sample of 3.8%, consistent with
reproducibility represented in Oakes et al. (2006).

2.7] Reverse transcription and qPCR

Gene expression data for 32 neural cultures were available as part of our prior report
(Lieberman et al., 2015), and gPCR data from an additional 15 neural cultures were
generated using the same methods as described in Lieberman et al. (2015) and briefly
described here. RNA was extracted from mature neural cultures using TRIzol reagent (Life
Technologies) per the manufacturer’s instructions. RNA concentrations were determined
using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific) and cDNA
synthesized using a High Capacity cDNA Reverse Transcription Kit (Life Technologies).
Relative transcript levels represented in the resulting cDNA were measured by real-time
gPCR using FAM-labeled TagMan probe and primer sets (Life Technologies) for GABRG1
(Hs00381554_m1), GABRAZ (Hs00168069_m1l), GABRA4 (Hs00608034_m1), and
GABRBI1 (Hs00181306_m1). A VIC-labeled GUSB probe and primer set (B-glucoronidase,
4326320E) was used as a within-well reference gene for normalization. Ct values for target
genes and the internal reference gene were converted to relative expression levels using the
standard curve method, which allows for comparison across assay plates by using a
reference RNA sample whose RNA level for each probe is defined as 1 (Wong, Bottiglieri,
& Snead 111, 2003; Wong & Medrano, 2005).

2.8 | Allelic expression imbalance qPCR

TagMan (Life Technologies) FAM- and VIC-labeled allelic discrimination probe and primer
sets targeting exonic SNPs in GABRGI (Exon 3 synonymous rs976156, C__ 8723970 1),
GABRAZ (Exon 5 synonymous rs279858, C_2073557_1), GABRA4 (3’ UTR rs7660336,
C__ 11278069 _10), and GABRBI (3’ UTR rs10028945, C_ 2119811 30) were used to
examine allelic expression bias for chr4p12 GABA, cluster subunit genes for samples
heterozygous at one or more of these SNPs, as described previously (Lieberman et al.,
2015). The threshold used for allelic imbalance was a 50% greater abundance of RNA from
1 of the 2 alleles, consistent with the threshold used for other studies (Lin et al., 2012; Serre
et al., 2008).
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2.9 | Statistical analysis

Statistical analysis was performed using SPSS (v25, IBM, Armonk, NY). One-way analysis
of variance (ANOVA) was used to compare the mean GABRAZ promoter-proximal CpG
island methylation level by genotype at rs279858, sex, and reprogramming method. We used
Pearson correlation (/) to examine the degree of association of donor age and iPSC
GABRAZ CpG island methylation. We used chi-square analysis and pairwise comparisons
to examine differences in the concordance of GABRAZ methylation levels for multiple
clones generated from the same donor. We used chi-square analysis to compare the
GABRAZ promoter-proximal CpG island methylation level (<25, 25-75, and >75%) with
neural cell monoallelic expression (MAE) (yes vs. no) at one or more chrdpl2 GABAp
subunit genes. We also used simple linear regression to examine the correlations between
GABRAZ methylation in iPSCs and expression of GABRAZ and GABRBI in neural
cultures and between GABRAZ methylation in iPSCs and neural cultures. We used two-way
ANOVA to examine whether genotype at rs279858 and methylation level at the GABRAZ2
promoter-proximal CpG island were independent or interactive in predicting RNA
expression of chrdp12 GABA receptor subunit genes. Statistical significance was defined
as p<.05.

3| RESULTS

We examined DNA methylation at the GABRAZ gene promoter region CpG island in the
context of the rs279858 tag-SNP associated with AUD, (Figure 1). We assayed methylation
levels in five hES cell lines, 28 fibroblast lines, 69 iPSC lines generated from 29 donor
subjects, and 10 iPSC-derived neural cultures. Four of five hES cell lines had no methylation
while one line, CT2, had a methylation level of 50%, consistent with one of the two
chromosomes being highly methylated and the other unmethylated. All 28 fibroblast lines
examined had less than 3% methylation (mean 1.3%). In contrast, the mean degree of
methylation in the 69 human iPSC lines was much higher (58.5%), with iPSC methylation
having a tri-phasic distribution <25, 25-75, and >75%, as illustrated in Figure 2, Panel (a).
The distribution is consistent with low levels of methylation (<25%) for both chromosomes
in 19 samples, high levels (>75%) for both chromosomes in 31 samples and one
chromosome each with low versus high methylation for 19 samples, resulting in an
intermediate level of total methylation. There was no association of mean percentage
methylation with rs279858 genotype (Figure 2, Panel (b)) (F=0.2, df=2, p=.81), sex (F=
1.8, df=1, p=.18) or with the reprogramming method used (retrovirus vs. Sendai virus,
60.5 and 53.7%, respectively; F=0.47, df=1, p=.50). There was no correlation between
methylation at this site and donor age (r= -.06; p = .60).

We examined multiple independent iPSC clones from several fibroblast lines to determine
whether mCpG variation in iPSCs was associated with the fibroblast line methylation
differences or was a random clonal event. In analyzing GABRAZ promoter-proximal CpG
island methylation for multiple iPSC clones generated from an individual donor, we found
that independent clones often had discordant levels of methylation (Figure 3). In pair-wise
comparisons between clones derived from the same donor, we observed a 43% concordance
rate for sharing the same relative methylation level (low, intermediate, or high), which did
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not differ significantly from chance (;(2 = 0.8, df=1, p=.37). This suggests the presence of
strong, random, clone-specific effects of reprograming on methylation of the GABRAZ
promoter-proximal CpG island.

We examined whether GABRAZ methylation levels persisted over the course of neural
differentiation by comparing GABRAZ methylation levels in 10 independent iPSC clones
and their 12-week old neural progeny. As illustrated in Figure 4, there was a strong positive
correlation between the methylation level observed in individual iPSC lines and neural cells
derived from each line (r=.97; p<.0001). The strong correlation between GABRAZ
promoter-proximal CpG island methylation in iPSCs and clone-matched neural cultures
allowed for comparison of GABRAZmCpG level in iPSCs to mRNA expression of the
chrdp12 GABA subunits in neural cultures. There was a highly significant negative
correlation between GABRAZ percent methylation in iPSCs and GABAA subunit mRNA in
neural cultures for GABRGI (r= -.65), GABRAZ (r=-.82), GABRA4(r=-.57), and
GABRBI (r=-.67). Figure 5a illustrates this relationship for GABRAZ subunit RNA and
for expression of the GABRBI gene (Figure 5, Panel (b)) which is located over 600 kb distal
from the GABRAZ promoter region CpG island. In contrast, there was no correlation
between GABRAZ methylation and expression of COMMDS, 25 kb distal to GABRBI (r
=.05).

As noted earlier, 19 of 69 (28%) iPSC lines had an intermediate level of GABRAZ
methylation (mean = 53% for this group, which represents the average for two
chromosomes) as does the hES line CT2 (with 50% methylation). These results are
consistent with the hypothesis that intermediate methylation is due to one chromosome
having an unmethylated GABRAZ CpG island and the partner chromosome having a high
level of GABRAZ methylation. Due to the negative correlation between iPSC GABRAZ
methylation and neural cell chr4p12 GABA subunit gene expression (Figure 5), we would
predict that neural cells generated from iPSCs with intermediate methylation would be more
likely to show allelic expression bias of the four chr4pl2 GABA subunit genes.
Examination of allelic bias in RNA expression for neural cultures heterozygous at an exonic
SNP in one or more of the chrdp12 GABA subunit genes revealed allele-biased expression
in 7 of 16 lines. Consistent with our hypothesis, 83% of lines with intermediate methylation
had allelic expression bias versus 14 and 25%, respectively, for lines with low or high
methylation levels (;(2 =6.4, df=2, p=.040) (Table 1).

Finally, we used two-way ANOVA models to examine whether there were independent or
interactive effects of the AUD-associated haplotype block tag-SNP rs279858 and GABRAZ
promoter CpG island methylation on mRNA levels of the chr4p12 GABA subunit genes. In
models that included rs279858 genotype and GABRAZ methylation and their interaction
both rs279858 genotype and methylation level were significant (F= 4.3, df=2, p= .02 and
F=19.7, df= 2, p< .001, respectively) for GABRBI mRNA expression but not for other
subunit genes. There was no interaction of mCpG level x genotype (F=0.44, df=4, p
=.78). Higher levels of GABRAZ methylation and the number of rs279858 AUD-associated
C-alleles were additive in nature; the lowest GABRBI neural cell mRNA levels were in C/C
genotype lines with high GABRAZ methylation and the highest expression of GABRBI was
found in T/T genotype lines with low or intermediate levels of methylation (Figure 6).
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4| DISCUSSION

Our laboratory has used an iPSC-derived neural culture model to investigate molecular
correlates of the AUD-associated GABRAZ synonymous SNP rs279858, and previously
reported an endophenotype in which the transcription of chr4p12 GABA subunit genes was
significantly lower in rs279858 C-allele carriers than T-allele homozygotes (Lieberman et
al., 2015). In the current study, we examined whether promoter-proximal CpG methylation
at GABRAZis a factor linking rs279858 genotype to the previously observed transcriptional
endophenotype in this human neural culture model system. The regulation of gene
expression by promoter-proximal CpG methylation has been proposed as one molecular
mechanism mediating stable adaptations (or in the case of neuropsychiatric disorders,
maladaptations) in the brain (Rukova et al., 2014; Tsankova, Renthal, Kumar, & Nestler,
2007). Other mechanisms to consider but that were not directly examined here include SNP
effects on enhancer functions or intrachromosomal interaction sites frequently associated
with open chromatin states (see Forrest et al., 2017 for an example of the use of iPSC
derived neurons guided by open chromatin regions identified by ATAC-seq in evaluating
disease associated SNPs) (Forrest et al., 2017).

We found that methylation at the GABRAZ promoter-proximal CpG island was randomly
established during reprogramming of fibroblasts (which uniformly lack methylation at this
site) into iPSCs such that 58% of chromosomes experienced de novo methylation of the
GABRAZ CpG island during reprogramming. There was no significant association of
rs279858 genotype with methylation at the GABRAZ CpG island suggesting that the effects
of functional loci linked to the rs279858 tag-SNP on GABAA gene expression in this model
are independent of promoter methylation. Of note, rs279858 was not identified as a
methylation QTL (meQTL) in postmortem brain, (meQTL database (Gaunt et al., 2016),
BIOS QTL browser (Bonder et al., 2017)). Consistent with a random clone specific
methylation event at this locus during iPSC reprogramming, we observed that sister clones
generated from the same donor were frequently discordant in methylation levels. A question
raised in the stem cell biology literature is whether the clonal variation in CpG island
methylation observed in iPSCs is the result of reprogramming a mosaic fibroblast culture or
if resetting of this methylation occurs during reprogramming itself; our results support the
latter for the GABRAZ locus. Within an iPSC clone, methylation levels were stable over
time in culture and clonal variation in GABRAZ CpG methylation was maintained during
neural differentiation of iPSCs. This stability in GABRAZ methylation levels allowed us to
compare GABRAZ CpG island methylation in iPSCs with mMRNA expression of chr4pl2
GABA receptor subunit genes in clonally matched differentiated neural cell cultures.
Consistent with a broad literature that extends from cancer biology to studies of neuronal
gene expression (Baylin et al., 2001; Leung et al., 2015) and shows that promoter region
CpG island methylation is associated with reduced gene expression, we observed a
significant negative correlation between GABRAZ CpG island methylation in iPSCs and
GABRAZ2 mRNA levels in neural cultures. We also observed a significant negative
correlation between GABRAZ CpG island methylation in iPSCs and expression of the three
other chr4p12 GABAA receptor subunit genes in neural cultures. This correlation did not
extend to the COMMDE gene, 25 kb distal to GABRBI, suggesting the existence of a
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GABA, subunit gene cluster specific cis-regulatory effect of GABRAZ methylation in
human cells. Consistent with this observation, mMRNA for the chr4 GABA 5 subunit genes
v1, a2, and B1 have been reported to decrease in parallel in the prefrontal cortex over the
course of development from the neonatal period to young adulthood (Fillman et al., 2010;
Hashimoto et al., 2009).

In the samples where we observed intermediate methylation (i.e., 25-75%), there was a
significant association of MAE bias for one or more chr4p12 GABA receptor subunit genes
in iPSC-derived neural cultures with intermediate methylation level at the GABRAZ2
promoter. In ongoing research, preliminary findings show a paucity of ATAC-seq reads in
the chrdp12 GABA receptor subunit gene region in a neural culture derived from a highly
methylated iPSC line, which contrasts with neural cultures from iPSCs with low levels of
GABRAZ promoter CpG-island methylation. This finding suggests that methylation at the
GABRAZlocus during iPSC reprogramming leads to a recruitment of factors that convert
this chromosomal region into a relatively closed heterochromatin state. We hypothesize that
GABRAZ promoter methylation and subsequent inactivation of the region encompassing the
GABA receptor subunit gene cluster for one but not both chromosomes during
reprogramming in clones with intermediate levels of methylation results in the MAE bias
observed in our transcriptomic analysis of iPSC-derived neural cultures for lines (Table 1).
While MAE was originally defined in immune cells (T and B) or in relation to X
chromosome inactivation, random MAE has subsequently been described in autosomes in
various cell types (Gimelbrant, Hutchinson, Thompson, & Chess, 2007; Savol et al., 2017).
Further, MAE of neural-specific genes may be associated with genetic risk for developing
neuropsychiatric disorders (Jeffries et al., 2013; Lin et al., 2012).

Results from a study of aberrantly methylated CpG islands using human iPSCs generated
from three pairs of female Caucasian monozygotic twins (Panopoulos et al., 2017) are of
interest in considering our results. In this study, aberrant methylation was defined as CpG
island methylation that differed from what was expected in comparing human iPSCs to a
panel of 15 hESC lines. Clone-specific aberrantly methylated CpG sites were identified in
463 genes, including the chrd GABRAZ, GABRA4, and GABRB1, but not GABA receptor
subunit genes on other chromosomes (Panopoulos et al., 2017). Aberrantly methylated CpG
sites were enriched in regulatory regions marked by MY C-family transcription factor
binding sites (TFBS; Panopoulos et al., 2017). Consistent with Panopoulos et al. (2017), the
TFBS identified by ChIP-seq data for H1 hES cells from ENCODE datasets (UT Austin,
Release August 2, 2011) show prominent c-Myc binding flanking the GABRAZ promoter
region CpG island (Consortium et al., 2007; Euskirchen et al., 2007).

Myc-transcription factors are typically included as part of Yamanaka-based iPSC
reprogramming factor protocols as cMyc-activated genes enhance cell proliferation and
immortality, while also modulating cellular metabolism to support these processes
(Nakagawa et al., 2008; Nakagawa, Takizawa, Narita, Ichisaka, & Yamanaka, 2010). The
inclusion of cMyc as one of the reprogramming transcription factors could have contributed
to the random clone-specific GABRAZ CpG island methylation that we observed in our
iPSC samples. Although Myc family factors are widely used in protocols for reprogramming
somatic cells, OCT4, SOX2, NANOG, and LIN28A were reported by Yu et al. (2007) to be
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sufficient for reprogramming human adult somatic cells into pluripotent stem cells. A study
that directly compared reprogramming using Yamanaka with the Yu et al. (2007) factors
found that fibroblasts reprogrammed using the more common Yamanaka factors resulted in
greater failure to demethylate fibroblast specific CpG’s in contrast to the Yu et al. (2007)
factors, which showed a relative failure to methylate stem cell-relevant CpGs (Planello et al.,
2014). No examination of the differences between methods for aberrant methylation in Myc-
binding regions or GABRAZ promoter-associated CpG-island methylation was reported.

While our results identifying GABRAZ promoter region CpG methylation to be markedly
greater on average in iPSC compared with hES cell lines confirm those of Panopoulos et al.
(2017), two observations warrant noting relative to the question of whether methylation we
observed at this site is simply an artifact of the exogenous cMyc used in reprogramming.
First, one of the five hESC lines that we examined, CT2, demonstrated an intermediate
(50%) level of methylation at the GABRAZ promoter-proximal CpG island. The observation
of an intermediate level of methylation in an hESC line that had not undergone
reprogramming indicates that exposure to exogenous cMyc is not required for establishment
of GABRAZ promoter-proximal CpG island methylation. Second, Siegmund et al. (2007)
reported that GABRAZ promoter CpG-island methylation increases with age in
neurosurgical samples of human cerebral cortex, lending support to the hypothesis that
reprogramming is not the only trigger for methylation of the GABRAZ promoter CpG-
island. It is notable that the amplicon (hg19 chr4:46,392,368-chr4:46,392,443) used to
assess GABRAZ CpG-island methylation in the Siegmund et al. (2007) study is within the
amplicon that we used in our assay. Together with our results, these findings suggest that
GABRAZ promoter methylation state should be considered when researchers use stem cells
and their downstream derivatives to explore molecular correlates of the chr4 GABAA
subunit genomic region and that preference be considered for use of iPSC and neural culture
lines with low levels of GABRAZ methylation in genetic experiments in which the
interpretation involves measuring mRNAs for GABAa receptor subunit genes.

Independent of the strong negative correlation between methylation at GABRAZ and
chrdp12 GABA subunit gene expression, in models that include both genotype and
methylation levels, we observed a significant relationship between rs279858 genotype and
mRNA levels for GABRBI1 but not GABRG1, GABRAZ, or GABRA4, such that neural
cultures from rs279858 C-allele carrier donors had significantly lower GABRBI mRNA
expression than T-allele homozygotes. The effects on GABRBI transcription in neural cell
cultures of methylation at the GABRAZ CpG island and the rs279858 genotype appeared to
be additive. These results are consistent with the presence of long-range intrachromosomal
interactions between the GABRAZ2 AUD-associated yin-yang haplotype region and the
GABRBI gene. Virtual circular chromatin conformation capture (4C-seq) data from human
dorsolateral prefrontal cortex suggest the presence of such an interaction (Schmitt et al.,
2016). Functional AUD-associated variants in GABRAZ may in part act by regulating the
GABRBI gene. Similar phenomena in which SNPs alter the function of regulatory elements
that affect distal sites rather than the nearest gene have been identified in normal
development, such as of hair, skin, and eye pigmentation (Visser, Kayser, & Palstra, 2012),
and in the predisposition to, or severity of, specific health conditions including
cardiovascular disease (Montefiori et al., 2018), prostate cancer (Qian et al., 2019), obesity
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(Smemo et al., 2014), and asthma (Tang et al., 2015). The tag-SNP rs279858 is unlikely to
be the functional genetic element underlying the association of the region with AUD. The
identification of candidate functional SNPs will benefit from considering regions of
intrachromosomal contact and the chromatin landscape in the AUD-associated haplotype
region including open chromatin and enhancer histone marks. Although rs279858 is not in a
region with open chromatin or regulatory element binding sites, other SNPs in LD with
rs279858 are (e.g., rs1442059, which is located in an open chromatin/enhancer-marked
region in GABRA2 1VS3, Figure 1) and provide candidates to examine by combining gene
editing with this iPSC-derived neural cell culture model.

There are several limitations of this study that should be noted. First, while we have
analyzed 69 clones from 29 donors, only 3 of those donors (contributing 8 clones) were
female. While there was no significant correlation between GABRAZ promoter-proximal
CpG methylation and sex, the limited number of female donors limits the strength of this
finding. Second, the two reprogramming methods used in this study both included c-Myc
which may promote methylation near MY C-factor binding sites (Panopoulos et al., 2017)
such as the GABRAZ promoter-proximal CpG island. Examination of GABRAZ promoter
methylation for iPSCs generated without c-Myc would be informative. Third, as the
transcriptome profile of iPSC-derived neural cells is similar to first-trimester fetal brain
(Brennand et al., 2015; Mariani et al., 2012), our results with this system may reflect
developmentally constrained regulatory effects rather than adult brain regulatory effects.
Indeed, we found no association of rs279858 genotype with chromosome 4p12 GABAA
gene expression in postmortem adult cortex in either the BrainCloud or Braineac
postmortem adult brain datasets (Lieberman et al., 2015) and rs279858 is not annotated as
an eQTL in the adult brain in the Genotype-Tissue Expression Portal. Though rs279858 is
not associated with the expression of chromosome 4p12 GABAA genes in adult postmortem
brain, functional genetic loci in this region could increase risk for AUD via developmental
mechanisms. Fourth, our results provide only a limited advance in understanding of the
nature of a GABRAZ functional genetic locus contributing to the risk of AUD. Finally, our
results documenting that methylation at the GABRAZ promoter is randomly reset as part of
widely used iPSC reprograming methods indicate that methylation at this site should be
considered a possible confounder in studies assessing the chromatin and regulatory
landscape in this region in iPSC derived cells. The use of iPSC and iPSC-derived neural
cultures with low levels of GABRAZ2 methylation should be considered in studies seeking to
identify putative functional SNPs in LD with the AUD-associated synonymous tag-SNP
rs279858 in this model system.

In sum, we show that random GABRAZ CpG methylation set during the reprogramming of
fibroblasts to iPSCs is stable over differentiation and associated with mMRNA expression of
GABRAZbut also GABRB1, a gene ~600 kb away from GABRAZ. Independently of this de
novo reprogramming associated DNA methylation, AUD-associated genetic variation in
GABRAZis correlated with GABRBI transcript expression in models that control for
separate effects of reprogramming associated methylation (Figure 6). Our findings
complement previous studies in alcohol research that examined the chr4p12 GABA receptor
subunit gene locus, but are also of broad interest to other groups utilizing iPSC
reprogramming for the study of neuropsychiatric disorders in general. Future studies aimed
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at identifying and characterizing functional variants that mediate regulatory effects of
chromatin loop formation between GABRAZ and GABRBI could help to explain the
transcriptional endophenotype that we observed in iPSC-derived neural cultures associated
with the AUD-associated tag-SNP rs279858.
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FIGURE 1.

2- UCSC RefSeq

3- CpG-island

4- Fetal Br ChromHMM
5- Fetal Br DNase DGF

6- Adult Br ATAC-seq

Schematic of the chromosome 4p12 cluster GABRG1, GABRAZ, GABRA4, and GABRB1

genes including distances between promoters of each of the four GABA receptor subu

nit

genes. The second line displays the UCSC RefSeq ideogram of GABRAZ and the location
of rs279858 within Exon 5 of GABRAZ. The third line depicts the CpG island assayed in the

methylation analysis, proximal to the GABRAZ promoter. Lines 4-6 contain chromatin
landscape features that serve as guides to candidate functional single nucleotide
polymorphisms (SNPs) in LD with rs279858 (e.g., rs1442059 in 1\VVS3). The fourth line
depicts fetal brain 15-state ChromHMM predictions for the locations of the GABRAZ
promoter (in red) and putative enhancers (in orange), Line 5, fetal brain DNase digital

genomic footprints (ENCODE Univ. Washington) highlighting potential regulatory factor
binding sites and on Line 6 adult hippocampus ATAC-seq peaks (BOCA: Atlas of chromatin

accessibility)
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FIGURE 2.
Violin plot of GABRAZ promoter region mCpG levels for 69 iPSC clones. Panel (a)

Triphasic distribution of GABRAZ2 methylation values with samples clustered below 25% (77
=19), between 25 and 75% (1= 19), or above 75% (n7= 31). Panel (b) Violin plots of
methylation stratified by rs279858 genotype. There was a nonsignificant step-wise trend for
increasing levels of methylation associated with the number of alcohol use disorder (AUD)-
associated C alleles. Median methylation level, represented by the black horizontal bar in
each violin plot, was lowest for rs279858 T/T iPSCs (57.7%) and highest for rs279858 C/C
iPSCs (82.7%). Quartiles are demarcated by dashed horizontal lines. ¢ = All sample (n=
69); O=T/T (n=19); O=CI/T (n=27); A=CIC (n=23)
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FIGURE 3.
GABRAZ methylation levels are illustrated for multiple iPSC clones (4-5) generated from

seven different fibroblast lines. Clones derived from an individual donor fibroblast line were
frequently discordant for level of methylation (i.e., low, intermediate, or high) in the
GABRAZ promoter-proximal CpG island, suggesting a strong clone-specific methylation
effect at the GABRAZ locus as a result of reprogramming. Donor genotype at rs279858: O =
T/T;O0=CIT;A=CIC
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FIGURE 4.
GABRAZmCpG levels were highly correlated between individual iPSC lines and neural

cultures derived from each line (r=.97; p<.0001)
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FIGURE 5.

GABRAZ (a) and GABRBI (b) expression in forebrain-lineage neural cells is negatively
correlated with GABRAZ promoter-proximal CpG island methylation. GABRAZ r=-.82; p
<.0001. GABRBI r=-.67; p<.0001
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FIGURE 6.
Grouped histogram of neural cell GABRBI mRNA expression normalized to GUSB for 13

TIT, 19 C/T, and 15 C/C iPSC clones, stratified by genotype and methylation level at the
GABRAZ promoter-proximal CpG island. GABRBI expression is significantly associated
with both GABRAZ promoter CpG island methylation and rs279858 genotype despite being
over 600 kb distal from the GABRAZ promoter region and alcohol use disorder (AUD)-
associated haplotype block
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TABLE 1

GABRAZIPSC CpG island methylation levels and neural cell monoallelic RNA expression at one or more
chrdp12 GABA subunit genes

GABRAZ2 iPSC methylation level

Count (frequency within methylation Ievel)"’l

MAE Low (<25%) Intermediate (25% -75%) High (>75%)
Yes 1(0.14) 5(0.83) 1(0.33)
No 6 (0.86) 1(0.17) 2(0.67)

Abbreviations: iPSC, induced pluripotent stem cell; MAE, monoallelic expression.

laMAE x CpG methylation level ;(2 =6.4, df=2, p=.040.
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