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Abstract

Background: We have recently shown that binge or heavy levels of alcohol drinking increases
DNA methylation and reduces gene expression of POMC and PER2 in adult human subjects
(Gangisetty et al., 2019). One hypothesis would be that methylation of these two genes is
consistently associated with alcohol exposure and could be used as biomarkers to predict risk of
PAE. Results of the present study provided some support for this hypothesis.

Methods: We conducted a series of studies to determine DNA methylation changes in stress
regulatory genes proopiomelanocortin (POMC) and period 2 (PER2) using biological samples
from three separate cohorts of patients i) pregnant women who consumed moderate to high levels
of alcohol or low/unexposed controls, ii) children with PAE and non-alcohol exposed controls, and
iii) children with PAE treated with or without choline.

Results: We found pregnant women who consumed moderate to high levels of alcohol and gave
birth to PAE children had higher DNA methylation of POMC and PERZ. PAE children also had
increased methylation of POMC and PERZ. The differences in the gene methylation of PER2and
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POMC between PAE and controls did not differ by maternal smoking status. PAE children had
increased levels of stress hormone cortisol and adrenocorticotropic hormone (ACTH). Choline
supplementation reduced DNA hypermethylation and increased expression of POMC and PERZin
children with PAE.

Conclusions: These data suggest that PAE significantly elevates DNA methylation of POMC
and PERZand increases levels of stress hormones. Furthermore, these results suggest the
possibility that measuring DNA methylation levels of PERZand POMC in biological samples
from pregnant women or from children may be useful for identification of a woman or a child with

PAE.

Introduction

Despite a number of research reports showing evidence that consuming alcohol during
pregnancy is harmful for the developing fetus, more than one in ten women reports alcohol
use during pregnancy, many of these women report heavy episodic or binge drinking (Floyd
and Sidhu, 2004; Tan et al., 2015). This latter group is at highest risk for having a child with
FASD, which can manifest as growth impairment, abnormal facial features, neurobehavioral
deficit, or combination of these characteristics. The prevalence of FASD has been estimated
to be as high as 24-48 per 1,000 live births in the United States (May et al., 2014). FASD is
recurrent within families and incidence of these disorders is about 771 per 1000 in younger
siblings of affected children (Abel, 1988). Early detection and rearing in a caring
environment has been shown to reduce the severity of impairment (Streissguth et al., 2004).
However, in the absence of the completely expressed syndrome, early diagnosis is not easy
and would be aided by objective measures that identify risk of prenatal alcohol exposure
(PAE) (Bakhireva and Savage, 2011). Given the limitations of self-report, the development
of sensitive and reliable measures to detect PAE could be a useful tool in better identification
of children with FASD and would increase the opportunities for earlier interventions.
Epigenetic-based tools have never been applied thus far to detect ethanol inducible variants
in pregnant women and FASD offspring. Epigenetic modifications include DNA
methylation, histone modifications and chromatin folding. Epigenetic modifications of a
gene have been shown to play a role in maintaining a long-lasting change in gene expression
(Govorko et al., 2012; Finegersh et al., 2015).

As stress and circadian physiological systems governing many body functions are often
disregulated in alcohol dependent patients and in FASD childern, we sought to test whether
epigenetic changes of genes critical for stress and circadian regulation may serve as
measures of PAE risk. Research using laboratory animals has shown that chronic alcohol
feeding affects expression changes of two genes, Pomcand Per2in the hypothalamus,
important regulators of stress and circadian systems in the adult (Reppert, 2000; Raffin-
Sanson et al., 2003; Sarkar, 2012). It has been shwon that the expression levels of Pomc and
Per2 genes are reduced and the corticosterone response to a stress challenge is increased in
both alcohol dependent animals and in PAE animals (Chen et al., 2006; Agapito et al.,
2014). Also shown is that the hyperstress response of PAE animals is reduced following
implantation of POMC neurons in the hypothalamus (Sarkar et al., 2008; Logan et al.,
2015). Additionally, Per2 genes deletion has been shown to prevent PAE effects on Pomc
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expression and alter the rhythmic changes in corticosterone levels in the blood (Agapito et
al., 2010, 2014). These data suggest that interactions exist between the circadian system, the
hypothalamic—pituitary—adrenal axis, and alcohol consumption. We have recently shown that
binge or heavy levels of alcohol drinking increases DNA methylation and reduces gene
expression of POMC and PERZ2in adult human subjects (Gangisetty et al., 2019). One
possibility would be that methylation of these two genes is consistently associated with
alcohol exposure and could be used as biomarkers to predict risk of PAE. Hence, we
determined DNA methylation changes in POMC and PERZ in biological samples of
preghant women who subsequently gave birth to children with or without PAE, and in
children with PAE and non-alcohol exposed controls. In order to establish a correlative
evidence between POMC and PER2 DNA methylation changes, we measured stress
hormone levels in children with PAE and non-alcohol exposed controls. Furthermore, we
evaluated the effects of choline supplementation, which is known to alter the epigenetic
modification of gene (Kovacheva et al., 2007; Bekdash et al., 2013), on DNA methylation
and gene expression of POMC and PERZin children with PAE.

Human studies

Study 1: To test whether DNA methylation of PERZ2and POMC are altered by moderate to
heavy alcohol use in pregnant women who gave birth to children with prenatal ethanol
exposed (PAE; includes both FASD and non-FASD groups), we selected prospectively
identified pregnant women from a larger longitudinal cohort study in two regions of Western
Ukraine as part of the Collaborative Initiative on Fetal Alcohol Spectrum Disorders
(CIFASD). The overall study was approved by the institutional review boards at the
University of California San Diego and Lviv Medical University in Ukraine, and all methods
were performed in accordance with the relevant guidelines and regulations. Informed
consent was obtained from all participants. Pregnant women who reported frequent
moderate to heavy drinking in the month around conception and/or in the most recent month
of pregnancy and unexposed controls were recruited on average in mid-gestation.
Nondrinking woman meeting screening criteria (i.e., no binge episodes, minimal or no
alcohol in the month around conception, and no drinking in the most recent month of
pregnancy) was recruited as a control. At the time of enrollment and again in the third
trimester, mothers provided a blood sample. Infants born to these mothers were followed to
one year of age and examined by a trained geneticist for physical features of FASD, growth
as well as neurobehavioral impairment as measured using the Bayley Scales of Infant
Development, version 1l. The criteria for classification of FASD have been described
elsewhere (Hoyme et al., 2005; Jones et al., 2006). The sample of women selected for this
analysis represented moderate to heavily exposed mothers with a FASD-affected or
unaffected child; and control mothers (i.e., no binge episodes, minimal or no alcohol in the
month around conception, and no drinking in the most recent month of pregnancy). The full
protocol and study description are detailed in a previous publication (Chambers et al., 2014).

Study 2: We measured changes in gene methylation in salivary samples from children with
or without PAE. Samples were obtained from participants with PAE and control participants
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between the ages of 5—-18. History of PAE was obtained at the time of the interview or from
review of study data. PAE diagnosis were assigned to the alcohol-exposed group if the
mother drank >4 drinks per occasion at least once per week or >3 drinks per week during the
pregnancy. Individuals whose mothers did not drink during pregnancy or who drank
minimally (<1 drink per week on average and never more than 2 drinks on any one occasion
during pregnancy) were designated as controls. The full protocol and study description were
described previously (Mattson et al., 2010). Participants were asked to refrain from eating or
drinking during the first 15 minutes of the study visit. Saliva was collected via the child
expelling into a collection tube. Saliva samples were immediately frozen at —80C, and used
for gene methylation or hormone measurement studies.

Study 3: To study the effect of choline supplementation on PAE children, we conducted a
double-blinded, placebo controlled, randomized trial of choline supplementation in PAE
children with FASD. Details of participant characteristics and methodology have been
previously described (Wozniak et al., 2013). NCT number for this study was 01149538 and
recruitment dates were June, 2010 through May, 2014. Briefly, participants were children
ages 2.5 to 5 years at enrollment who had been diagnosed with Fetal Alcohol Syndrome
(FAS), Partial FAS, or Alcohol Related Neurodevelopmental Disorder (ARND). Participants
were allocated in a 1:1 ratio to either 500 mg choline per day or matching placebo for 9
months. Blood samples were collected by venipuncture at baseline prior to allocation, at 6
months, and at 9 months (only the baseline and 9-month samples are described here). Blood
samples were drawn directly into a purple-top tube containing EDTA. The tube was spun in
a refrigerated centrifuge. Plasma was drawn off the sample for separate use. The buffy coat
was then drawn off with a pipette into a separate plastic tube which was capped and labeled
and immediately placed into a —80°C freezer. Buffy coats (PBMC) were sent in batches on
dry ice to the lab at Rutgers’ University.

All participants of studies 2 and 3 underwent an Institutional Review Board (IRB)-approved
informed consent process involving a parent or guardian as well as a separate assent process
with the child for children over the age of 6. All study procedures were approved by the
IRBs at each of the four sites (Emory University School of Medicine; University of
Minnesota; University of California San Diego/San Diego State University; Children’s
Hospital Los Angeles). Participants were compensated for their time.

DNA and RNA extraction, gene expression and DNA methylation measurements

RNA was extracted from buffy coat samples using total RNA purification kit (Norgen
Biotek, Ontario, Canada) as per instructions from manufacturer. RNA extracted was treated
with DNase to remove any residual DNA using RNase free DNase kit (Qiagen, Valencia,
CA). About 1 pug of RNA was converted to first strand complementary DNA (cDNA) using
high capacity cDNA reverse transcription kit (Life Technologies) as per instructions from
manufacturer.

Real time quantitative PCR (RT-PCR)—POMC and PER2 mRNA levels were
measured by quantitative real time PCR SYBR green assay. Primers used for real time PCR
was designed using either from primer express 3.0 software (Applied Biosystem) or from
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literature reference (Wang et al., 2011, 2012). Sequences used for RT primer design were
retrieved from NCBI genome browser; POMC (NM_001035256), PER2 (NM_022817),
GAPDH (NM_002046), 185rRNA (NR_145820), RPL19(NM_000981). Primer sequences
are listed in Table 1. The quantity of target genes (PERZ, POMC) and three reference genes
(GAPDH, 18S, RPL 19) were measured using standard curve method. Target gene expression
was normalized with the mean of three reference gene expression levels. RT-PCR was
performed at 95°C for 5min followed by 40 cycles of 95°C for 15s, 60°C for 30s, 72°C for
40s in Applied Biosystems 7500 Real PCR system.

We used NCBI genome browser to retrieve sequences and used primer express 3.0 software
to design primers for Real time PCR. POMC primers we used in our study are from exon 4
which codes for all functional peptides and primers targeted to exon 4 have been used in RT-
PCR assay for POMC previously (Shobatake et al., 2018). Exon 1 and 2 are untranslated
regions and exon 3 codes for signal peptide (Wang et al., 2012). We always ran the PCR
product amplified with a given set of primers on an agarose gel and checked the transcript
size before performing the real time PCR to avoid any non-specific amplification. This rules
out the possibility of amplifying intronic regions even if primers are from same exonic
regions. We also used silicon-based membrane columns in our RNA extraction protocols
that efficiently removed most of the DNA. We further employed DNase treatment before
converting RNA to cDNA to remove any traces of genomic DNA in the sample. The
amplified products in our RT-PCR assay are highly RNA specific.

Methylation-specific real time PCR (MSP) assay for DNA methylation—DNA
was extracted from blood and PBMC samples using DNeasy blood and tissue extraction kit
(Qiagen, Valencia, CA). DNA samples (2 ug) extracted from saliva, blood or PBMC were
bisulfite converted using EZ DNA methylation kit (Zymo Research, Orange, CA). DNA
methylation analyses for POMC, PER1 and PERZwere performed by SYBR green real time
PCR method of methylation specific PCR (MSPR) using primer sets spanning different CpG
sites of POMC, PER1 and PERZ2 promoters, as described previously (Gangisetty et al., 2014;
Govrko et al., 2012; Shih et al., 2006). Promoter sequences were analyzed for CpG island
determination and MSP primers were designed using methyl primer sequence v1.0 program
or from literature reference (Shih et al., 2006). Primer sequences specific for methylated and
unmethylated DNA are listed in Table 1. Human highly methylated and low methylated
control DNA (Epigen DX, Worcester MA) were subjected to bisulfite conversion and were
used for preparing the standard curve. Real time PCR was performed using SYBR green
master mix with specific primers and bisulfite converted DNA as template. RT PCR was
performed using a program at 95°C for 5 min, 50 cycles of 95°C for 30sec, 60°C for 1min,
and 72°C for 1 min. Relative quantities of methylated and unmethylated DNA were
calculated using a standard curve and the ratios of methylated versus unmethylated DNA
was determined. Relative DNA methylation level was calculated by normalizing the PAE
value with the average value of controls and presented in figures and the text. All samples
were run in duplicate.

DNA methylation by Pyrosequencing—The level of DNA methylation at specific CpG
site was quantitated by pyrosequencing assay. Briefly 1ug of genomic DNA was subjected to

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarkar et al.

Page 6

bisulfite conversion using EZ DNA methylation kit (Zymo Research, Orange, CA). Region
of interest was amplified using bisulfite specific PCR (BSP) primers. Pyromark PCR kit
(Qiagen, Valencia, CA) was used employing forward and biotin labelled reverse primers as
per instructions of the manufacturer. Biotinylated PCR product was mixed with streptavidin
beads and annealed with sequencing primer. Streptavidin bound biotinylated PCR product
was captured using a vacuum filtration sample transfer device (Qiagen, Valencia, CA).
Sequencing was performed using Pyromark Gold Q96 CDT reagents (Qiagen, Valencia, CA)
on a PSQ HS96A model pyrosequencing machine (Qiagen, Valencia, CA) as per the
instructions from the manufacturer. In the pyrosequencing study, we analyzed one control C
in non CpG background for efficient C—T conversion. The percent C remaining as C in the
target CpG was considered % methylation.

ELISA assays

Human salivary hormone levels were measured using ELISA. For ACTH, we used Human
ACTH ELISA Kit (Cloud-Clone Corp, Katy, TX; cat# CEA836Hu) and for cortisol we used
Human Cortisol ELISA Kit (Salimetrics, Carlsbad, CA; Cat# 1-3002, Lot# 1502504). These
assays were performed following the instruction provided in the kits. All samples were
measured in duplicate.

Data Analysis

Results

Data were analyzed using Prism 5.0 (GraphPad Software). The data shown in the figures are
mean + SEM. The data population was first tested for normality using D’ Agostino &
Pearson omnibus normality test for two groups or Bartlett’s test for equal variance for
multiple groups. If the variance differ we used non-parametric test. Differences between two
groups with significant variances were compared using Mann-Whitney test (two tailed p
values were used). Differences between multiple treatment groups with non-parametric
values were assessed using Kruskal-Wallis statistics followed by Dunn’s Multiple
Comparison posttest. Differences between multiple treatment groups with parametric values
were assessed with one-way analysis of variance (ANOVA) followed by Newman Keuls
posttest. P<0.05 was considered significant.

Identification of alcohol epigenetic marks in mother and child

In the first study, we employed blood DNA samples obtained on average in the second
trimester from pregnant women enrolled at two sites in Ukraine in a cohort study as part of
the CIFASD. Samples were collected from women who reported consuming moderate to
heavy amounts of alcohol for at least some part of pregnancy and controls (Chambers et al.,
2014; Coles et al., 2015). Demographic information on the overall sample of women has
been described previously (Balaraman et al., 2016). DNA methylation levels of PER2and
POMC were measured using MSP assay and represented in Fig 1. Schematic diagram
representing APERZ2and APOMC promoter CpG islands were shown in Fig. 2A and 2D The
DNA methylation level of PER2was significantly elevated in women who reported
moderate to heavy alcohol consumption compared to controls (Fig. 1B:Mann-Whitney U
test; U=39, n1=11, n2=19, p=0.0052). POMC DNA methylation was also increased in
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alcohol-exposed women when compared to controls (Fig. 1D; U=12, n1=11, n2=19,
=0.0001).

Biological samples of the children of mothers of Ukraine cohort were not available for this
study. However, we were able to obtain salivary samples from children ages of 5-18 years
with PAE andcontrols from a cross sectional study conducted by CIFASD investigators in
the US. DNA methylation levels of PER2and POMC were measured using MSP assay first.
Schematic diagrams representing /PERZ2and APOMC promoter CpG islands were shown in
Fig. 2A and 2D. We found that PERZand POMC DNA methylation levels were higher in
both male and female PAE subjects, as compared to control subjects (Fig. 2B, APERZ2-
female, U=283, n1=47, n2=40, p=0.0001; Fig. 2C, hPER2-male, U=512, n1=55, n2=52,
p=0.0001; Fig. 2E, hPOMC-female, U=308, n1=47, n2=40, p=0.0001; Fig. 2F, hPOMC-
male, U=570, n1=55, n2=52, p=0.0001). Further validation of gene methylation changes in
PAE subjects was accomplished by measuring the methylation level of each of the genes at
single CpG resolution using pyrosequencing assays. Schematic diagrams show the two
CpGs for PER2(2G) and two CpGs for POMC (Fig. 21) whose methylation levels were
measured. We found increased methylation in promoters of both PER2and POMC DNA at
two CpG sites (Fig. 2H, J; data were analyzed using one way ANOVA and Newman-Keuls
posttest; hPER2 - F (3, 46) = 7.93, p<0.0002, CpG1- control vs PAE p<0.01, CpG2 - control
vs PAE p<0.01; hPOMC - F (3, 44) = 113.1, p<0.0001, CpG1- control vs PAE p<0.001,
CpG2- control vs PAE p<0.05). The alcohol effect on gene methylation of PERZ appears to
have some specificity, since PER2 (Fig. 2) and not PERI gene (both PERI and PER2
belongs to the period family of circadian genes) methylation (female- control, 1.00 + 0.157,
PAE, 0.726 £ 0.170, U=654, n1=53, n2=31, two-tailed p=0.1216; male- control, 0.995
+0.211, PAE, 0.762 £ 0.171, U=1529, n1=62, n2=51, two-tailed 5=0.7664) differs between
PAE and control subjects. Additionally, we found that differences in PER2and POMC DNA
methylation between PAE and controls did not differ by maternal smoking status (Fig. 3;
data were analyzed by Kruskal-Wallis statistics followed by Dunn’s Multiple Comparison
posttest; hPER2- chi-squared = 27.40 with 3 d.f. p<0.0001; hPOMC - chi-squared = 22.15
with 3 d.f. p<0.0001; between group differences are shown on the figure). These data
suggest that PAE makes epigenetic changes on PER2and POMC resulted from maternal
exposure of ethanol during pregnancy. Additionally, these data identify that maternal
tobacco use did not influence alcohol epigenetic marks on these genes.

We measured stress hormones adrenocorticotropic hormone (ACTH) and cortisol levels in
saliva collected under basal conditions from a cohort of PAE children. Since ACTH and
cortisol are released in a circadian pattern, we measured their levels in the morning and in
the evening. Figure 4A and B shows that both ACTH and cortisol levels had circadian
variations. PAE children had higher levels of ACTH both in the morning and in the evening
(chi-squared = 67.64 with 7 d.f. p<0.0001; between group differences are shown on the
figure), although morning ACTH levels of PAE female children were not significantly
different from the controls due to large sample variations. Mean plasma cortisol levels of
PAE were higher in both male and females at all time points (chi-squared = 89.69 with 7 d.f.
p<0.0001; between group fifferences are shown on the figure), but were not significantly
different from control groups due to large sample variations and small sample numbers.
These data identify an association between POMC and PERZ DNA methylation and
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increased stress hormones levels in saliva and also suggest that moderate to heavy alcohol
use during pregnancy induces epigenetic marks to reduce POMC and PERZ gene expression
that persist in PAE children.

Choline treatment to reverse alcohol epigenetic marks in children with fetal alcohol
spectrum disorders

Recently, choline a nutritional supplement known to alter DNA methylation (Niculescu et
al., 2006; Kovacheva et al., 2007) has been shown to attenuate some of the PAE effects on
learning and memory (Thomas et al., 2010). Choline also alters DNA methylation of POMC
and reduces stress axis abnormalities in animal models of PAE (Bekdash et al., 2013).
Hence, we measured DNA methylation changes of PER2and POMC in children (age 2 to 5)
with PAE and a diagnosis of FASD who participated in an intervention trial with choline or
placebo treatment for 9 months at the University of Minnesota. We obtained blood samples
at basal (visit 1), and 9 months (visit 1) of choline or placebo treatments. This patient cohort
showed reduction in both PERZ (Fig. 5A) and POMC DNA (Fig. 5C) methylation following
9 months of choline treatment (as compared to placebo but not choline Visit 1) when the
gene expression values of PERZ (Fig. 5B) and POMC (Fig. 5D) were elevated (hPER2,
methylation, chi-squared = 20.02 with 3 d.f. p<0.0002; hPER2 mRNA, chi-squared = 20.02
with 3 d.f. p<0.0002; hPOMC methylation, chi-squared = 10.37 with 3 d.f., p<0.0157;
hPOMC mRNA, chi-squared = 16.26 with 3 d.f., p<0.001; between group differences are
shown on the figure). These data provide additional support for the concept that PAE makes
epigenetic marks on PER2and POMC genes, and further identify a possible therapeutic
value of choline supplementation in reversing alcohol epigenetic marks on stress regulatory
genes in children with FASD.

Discussion

Using different experimental paradigms and subject samples, these data provide evidence
that moderate to high amount of alcohol drinking during pregnancy makes epigenetic marks
on POMC and PERZ genes that persists in children during the development. Although we
did not have samples from children with PAE collected longitudinally from gestation, these
data suggest that alcohol exposure in human gestation can be recorded as persistent changes
in epigenetic information of key stress regulatory genes in the offspring. Alcohol effects on
POMC and PERZ2 genes in children were not influenced by maternal tobacco use during
pregnhancy. POMC s a precursor gene known to produce various peptide hormones
including B-endorphin, a-melanocyte-stimulating hormone (a-MSH) and ACTH. These
hormones regulate many body functions including stress hormone release (Raffin-Sanson et
al., 2010). Alcohol also increased DNA methylation of PER2. The PERZ2 gene is noted for
its major role in circadian rhythm. This gene is part of a number of circadian genes that
interact with each other to make up an auto-regulatory feedback loop, in which its activation
and repression cycle control the body central clock in the hypothalamus and the cellular
clock in all cells (Reppert, 2000). We found alcohol makes its epigenetic marks on PER2Z
gene but not PERI gene. Whether or not alcohol makes epigenetic marks on other circadian
genes needs further investigation. It is not apparent why alcohol alters PERZbut not PERI
DNA methylation. In this regard it is interesting to note that Per2 mutant (Per2Bdm1) mice
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display enhanced alcohol consumption and preference (Spanagel et al., 2005), whereas
Per1Brdm1 mytant mice do not show such an enhancement in alcohol drinking behavior
(Zghoul et al., 2007). Also, alcoholics with a specific set of polymorphisms in the Per2gene
consume less alcohol than alcoholics without the polymorphisms (Spanagel et al., 2005a,b).
PERZ gene methylation and transcriptional repression may not only affect the circadian
clock mechanism but also control specific cellular responses. For example, it has been
shown that mutation of mPer2 causes a loss of alcohol’s stimulatory effect on Pomc
expression (Agapito et al., 2004). PAE effects on circadian expression of Pomc (Chen et al.,
2006) and corticosterone rhythm (Yang et al., 2009) have been reported. Thus, it appears that
the PERZgene is involved in the control of POMC and their cellular responses. We observed
an increased level of DNA methylation of POMC in biological fluid samples of PAE
children is associated with increased ACTH and cortisol levels. These data are consistent
with the data in rodent in which PAE increased Pomc gene methylation in the hypothalamus
and elevated ACTH and cortisol levels in plasma (Govorko et al., 2012). Animal studies
have connected the stress axis functional abnormalities in PAE with alcohol-induced
epigenetic modification of PERZ2and POMC genes (Boyadjieva et al., 2009; Logan et al.,
2015; Gangisetty et al., 2014).

Animal studies identified that alcohol induced epigenetic marks involve methylation of
Pomc gene via suppression of H3 lysine 9 acetylation, activation of HDACs (e.g., HDAC1),
and various methylation promoting genes (G9a, Setdb1). Dnmtl and Mbd1/MeCPZ2 assist in
spreading the silencing signal (Govorko et al., 2012; Beakdash et al., 2013). Although, the
mechanism by which alcohol epigenetically modifies Per2 gene has yet to be established,
similar mechanisms may also be involved in alcohol-induced alteration of this gene
methylation.

We showed here that choline supplementation in children with an FASD reduced the DNA
methylation and increased the expression levels of PER2and POMC. Our data in children
with an FASD are in agreement with the rodent study where choline supplementation during
the developmental period normalized PAE-increased global DNA methylation in the
hippocampus and prefrontal cortex (Balaraman et al., 2017) and Pomc gene methylation in
the hypothalamus (Beakdash et al., 2013). However, it should be mentioned the manner in
which choline impacts methylation has varied across studies (Niculescu et al., 2006;
Kovacheva et al., 2007; Balaraman et al., 2016). The variability of DNA methylation
changes due to choline availability may have been the result of the initial state of the animals
as was observed in a rodent study and some extent in the present study where choline
supplementation led to opposite changes in DNA methylation in PAE and control subjects.
This raises the question is whether choline is reversing gene-specific effects of alcohol or
whether it impacted genes differ. For example, it has been shown that choline
supplementation alters the levels of histone deacetylases, DNA methy! transferases and
DNA binding protein MeCP2 to decrease Pomc gene methylation in the hypothalamus in
PAE rats (Beakdash et al., 2013). Choline supplementation also has been shown to
normalize disturbances in microRNAs (miRNAs) expression following developmental
alcohol exposure and can protect specific miRNAs from induction by ethanol (Balaraman et
al., 2016). Further research is required to define the mechanism by which choline affect
PAE-induced POMC and PERZ gene methylation changes. Choline may also contribute to
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the etiology of stress-related disorders and age-related decline in memory later in life
(Kovacheva et al., 2007; Bekdash, 2016). Rodent studies suggest that choline
supplementation enhances performance in memory-related tasks during adulthood in
prenatal alcohol exposed rats (Schneider and Thomas, 2016; Idrus et al., 2017). Studies are
currently ongoing to determine if children with an FASD who participated in the choline
supplementation treatment improve their performance in memory-related tasks and stress
coping behaviors.

We have used methylation specific PCR (MSP) assay for measurement of promoter gene
methylation. MSP determines methylation patterns of CpG island regions of the gene and is
widely used to analyze promoter specific methylation of genes from tissues and biological
fluids (Yoshioka et al., 2018; Husseiny et al., 2012; Mehta et al., 2014; Parrella et al., 2009).
We have previously used this method to detect Pormc promoter methylation in various tissues
of fetal alcohol exposed rats (Govorko et al., 2012; Gangisetty et al., 2014; Bekdash et al.,
2013). This method detects the relative quantity of methyl DNA and unmethyl DNA in two
different PCR reactions using highly methylated DNA as standard for methyl DNA and low
methylated DNA as standard for unmethyl DNA. Although this method does not provide
information at single CpG resolution, it gives relative quantification of methylation of a
number of CpGs within the PCR product regions. This is because the primers used are
specific to methyl and unmethyl DNAs. Furthermore, to validate the data obtained from
MSP assays, we have conducted pyrosequencing measurements of POMC and PERZ2 genes
promoter methylations in some of the same samples used in MSP assays. Pyrosequencing
assay determines methylation at single CpG resolution. Using pyrosequencing assays, we
analyzed two CpGs within a CpG island on the gene promoter and found similar increase in
DNA methylation of POMC and PERZ genes in PAE compared to control as we found using
MSP assays (Fig. 2).

We anticipate that the alcohol effect on POMC gene methylation is not cell specific. This is
because studies conducted in laboratory animals revealed that alcohol increases POMC gene
methylation in the hypothalamus, pituitary gland and in sperm samples (Govorko et al.,
2012; Bekdash et al., 2013; Gangisetty et al., 2014). In human, alcohol also increases POMC
gene methylation in peripheral blood (Muschler et al., 2010; Zhang et al., 2013; Gangisetty
etal., 2019; Figs. 1 and 5) and in saliva samples (Fig. 2).

Recently, a number of studies have been conducted to determine the DNA methylation
signature of human PAE by determining the genome-wide DNA methylation patterns of
buccal epithelial cells in PAE and control children. However, these studies were conducted at
a single timepoint and the identified changes in genes of PAE children were not verified in
mothers who gave birth to PAE children. The current study presents the first example of an
association between binge and high drinking levels and a change in DNA methylation of a
specific group of genes that persist both in mother and children. Diseases that have been
associated with gestational exposure to ethanol and related POMC and PERZ gene
hypermethylation, such as sleep apnea (Chen et al., 2012), depression (Turner et al., 2015),
anxiety (Wengel et al., 2011), stress hyperresponse (Keiver et al., 2014), and alcohol abuse
(Kendler et al., 2013) are of particular interest in this respect for children and adults with
FASD. In summary, this study identified stable epigenetic marks on two important genes
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regulating various biological functions that may serve as markers of ethanol consumption in
pregnant women. Epigenetic epidemiologic studies may need to be conducted to establish a
connection between the epigenetic modifications of these groups of genes and FASD related
diseases. Also, understanding how epigenetic control is modified by early ethanol exposure
may shed light on the link between development and health over the lifespan and ultimately
suggest new ways to prevent FASD and other alcohol related diseases.
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Figure. 1.

Changes in PERZand POMC gene methylation in pregnanat women who gave birth to
children with PAE. A, C. Gene methylation changes in blood DNA were evaluated for two
groups of mothers: a) women who reported low or no alcohol consumption in pregnancy
(Control), b) women who reported frequent moderate to heavy drinking and had a child with
ethanol exposed (PAE); PER2 DNA methylation (A), POMC DNA methylation (B). Number
of samples in each group is shown between brackets under the group heading on the X axis.
Differences between groups are shown by lines with p values on the top of bar graphs.
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Figure. 2.

Changes in PERZand POMC gene methylation as determined by methylation specific RT-
PCR (MSP) (A-F) and pyrosequencing (G, J) in children with PAE. A-F. Schematic
diagrams representing h/PER2and hPOMC promoter CpG islands are shown in Fig. 2A and
2D. Each small vertical line represents a single CpG. The thick solid bar below represents a
CpG island. Small rectangular open box shows the location of exonl in the sequence. MSP
primers were represented with arrows covering about 15 CpGs for PER2in Fig. 2A and 9
CpGs for POMC in Fig. 2D. Gene methylation changes in salivary DNA samples were
evaluated by first by MSP in male and female children 5-18 years old with prenatal alcohol
exposed (PAE) and controls; female patients PERZ (B) and POMC (E), male patients PERZ
(C) and POMC (F). Some of the same samples from male and female PAE and control
children were assayed by pyrosequencing for determination of methylation changes at two
CpG sites of PERZ (H) and POMC (J). Schematic diagrams representing hPERZ2 (A),
hPOMC (D) promoter CpG islands targeted in pyrosequencing assays. The pyrosequencing
primers were designed to target two different CpGs for PERZ2 (G) and two for POMC(1).
Bisulfite sequencing primers used were highlighted in red. Sequencing primer is highlighted
in light green. Each CpG in the sequence is highlighted in turquoise. The two CpGs whose
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methylation measured was represented with black arrow. Differences between groups are
shown by lines with pvalues on the top of bar graphs.
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Figure 3.

PERZ (A) and POMC (B) gene methylation changes in PAE children (both male and female)
were not influenced by their mother smoking habits. Patients population were similar to
those in Fig. 2. Data are represented as Mean + SEM. Number of samples in each group is
shown between brackets under the group heading on the X axis. No significant differences
between smokers and nonsmokers are observed. Significant differences between control and

PAE are found and are shown by lines with p values
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Fig. 4.

Cigrcadian levels of salivary ACTH (A) and cortisol (B). Number of samples in each group is
shown between brackets under the group heading on the X axis. Data are represented as
Mean + SEM. Number of samples in each group is shown between brackets under the group
heading on the X axis. Differences between groups are shown by lines with p values on the
top of bar graphs.
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Figureb5.

Effects of a double-blinded, placebo controlled, randomized trial of choline supplementation
on PER2and POMC gene methylation and expression in children with fetal alcohol
spectrum disorders (FASD). Participant children with FASD were treated with either 500 mg
choline per day or matching placebo for 9 months. A-D. PER 2 DNA methylation (A) and
expression (B) and POMC DNA methylation (C) and expression (D). Data are represented
as Mean + SEM. Number of samples in each group is shown between brackets under the
group heading on the X axis. Differences between groups are shown by lines with p values
on the top of bar graphs.
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Showing the primer sequences using for gene methylation and mMRNA expression studies.

Table 1.

Primer Name

Sequence

hPERL MFP 5" ATTTAGGTTTACGTGCGTTC 3’

hPER1IMRP 5" CGACTCAAAAACGAAAATCG 3’

hPER1I UMFP 5 TAGTATTAGTATTTAGGTTTATGTGTGTTT 3’
hPER1UMRP 5" AACAACAATCCAACTCAAAAACAAAAATCA 3’
hPER2 MFP 5" GCGGTTTCGTTGCGGTTTAC 3’

hPER2 MRP 5’ GCCGACGCCGTTTCAAACCG 3’

hPER2 UMFP 5 GTGGTGTGGTGTGGTTTTGTTGTGGTTTAT 3’
hPER2UMRP 5" ACACCCCCACACCAACACCATTTCAAACCA 3’
hPOMC MFP 5" ACGGGGGTGTTAAGTTTTTC 3’

hPOMC MRP 5" ACTATCCTACCGAAAACGCA 3’

hPOMC UMFP 5" TATATGGGGGTGTTAAGTTTTTT 3’

hPOMC UMRP 5’ CACTATCCTACCAAAAACACACC 3’

hPER2BSP FP

5 GTGTGTTTTTGGTTTTGTTTTAGGT 3’

hPER2BSP RP

5’-/5Bio/TTAATTTCCTTAACCTTCCCCATAC 3’

hPERZ seq FP

5" GAGTGGTCGAGTCGCGCGTAG 3’

hPOMCBSP FP

5’GTTGGGGTTAAAAATAGGTGGT 3’

hPOMC BSP RP

5’-/5Bio/TCTATAAAAACCCTCCCTACCC 3’

hPOMC seq FP

5’GGAGTTGTTTTAGATTTT 3’

hPERZRT FP 5" TCCAGTGGACATGAGACCAA 3’
hPER2RT RP 5" CGCTACTGCAGCCACTTGTA 3’
hPOMCRT FP 5" AAGCGCTACGGCGGTTTC 3’
hPOMC RT RP 5" TGATGATGGCGTTTTTGAACA 3’
hGAPDH RT FP | 5° AACCTGCCAAATATGATGAC 3’
hGAPDHRT RP | 5° ATACCAGGAAATGAGCTTGA 3’
h18SRT FP 5" AAACGGCTACCACATCCAAG 3’
h18SRT RP 5" CCTCCAATGGATCCTCGTTA 3’

hRPL19RT FP

5" ATCGATCGCCACATGTATCA 3’

hRPL19RT RP

5" GCGTGCTTCCTTGGTCTTAG 3’

Page 21

Forward primer (FP), Reverse primer (RP), Methyl forward primer (MFP), Methyl reverse primer (MRP), Un methyl forward primer (UMFP), Un
methyl reverse primer (UMRP).

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 September 01.



	Abstract
	Introduction
	Methods
	Human studies
	Study 1:
	Study 2:
	Study 3:

	DNA and RNA extraction, gene expression and DNA methylation measurements
	Real time quantitative PCR (RT-PCR)
	Methylation-specific real time PCR (MSP) assay for DNA methylation
	DNA methylation by Pyrosequencing

	ELISA assays
	Data Analysis

	Results
	Identification of alcohol epigenetic marks in mother and child
	Choline treatment to reverse alcohol epigenetic marks in children with fetal alcohol spectrum disorders

	Discussion
	References
	Figure. 1.
	Figure. 2.
	Figure 3.
	Fig. 4.
	Figure 5.
	Table 1.

