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Abstract:

Persistent DNA methylation modifications within the hypothalamus can be related to the long-time
period physiological and neurobehavioral changes determined in PAE. Furthermore, correlations among
epigenetic changes in peripheral tissues and people within the mind will offer a basis for the improvement of
biomarkers of fetal alcohol spectrum disorder (FASD). Finally, findings from research of PAE offer essential
perception into the etiology of neurodevelopmental and intellectual fitness issues, as they percentage severe
phenotypes and comorbidities. Aims and objectives: The most important purpose of this studies take a look at is
to assess the effect of DNA-Methylation and Hydroxymethylation at the Hypothalamus of mice. This may also
deliver a possibility to deal with mind cancers and different neuronal issues.
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Introduction:

Early-lifestyles environments affect the improvement of biological/neurobiological structures, main to
long-time period effects in offspring (Godfrey and Robinson, 1998; Hanson and Gluckman, 2008). In particular,
prenatal alcohol publicity (PAE) can bring about Fetal Alcohol Spectrum Disorders (FASD) in humans, which
might be related to a huge sort of unfavorable results. Exposure to alcohol at excessive degrees all through being
pregnant can bring about Fetal Alcohol Syndrome (FAS), characterized through increase retardation, a feature
facial dysmorphology, and a couple of primary anxious device changes. Exposure to alcohol at degrees that
don't produce FAS can bring about both partial FAS (pFAS), in which just a few of the diagnostic capabilities
are determined, or in several alcohol-associated neurobehavioral results (alcohol-associated neurodevelopmental
disorder, ARND; Stratton et al., 1996). The diploma to which alcohol influences improvement relies upon on a
range of things which includes timing, pattern, and stage of alcohol publicity, standard maternal fitness and
nutrition, and genetic background (Pollard, 2007), which may also affect the extensive variety of results of in
utero alcohol publicity and the extraordinarily excessive occurrence of FASD (Riley et al., 2011; May et al.,
2018). Importantly, PAE can adjust the improvement, function, and law of severe neurological and
physiological structures, giving upward thrust to lasting deficits throughout the spectrum of FASD, consisting
of, however now no longer constrained to cognitive and behavioral deficits, impairment to self-law and adaptive
functioning, immune dysregulation, and accelerated vulnerability to intellectual fitness troubles throughout the
lifespan (Zhang et al., 2005; Mattson et al., 2011; Pei et al., 2011). The hypothalamus is fairly vulnerable to the
programming results of PAE. The hypothalamus performs key roles in neuroendocrine law, autonomic law, and
homeostatic manipulation, regulating increase, sleep/wake conduct, circadian rhythms, metabolism, frame
temperature, and different essential features (Card and Swanson, 2012). Data from each human medical cohort
and animal fashions of FASD have recognized changes to physiological features related to the hypothalamus.
For example, toddlers uncovered to alcohol in utero display each expanded basal and post-pressure degrees of
cortisol, and youngsters with FASD who revel in childhood adversity showcase dysregulation of the cortisol
circadian rhythm. Similarly, in animal fashions of PAE, uncovered offspring showcase hyperresponsiveness to
stressors in addition to altered primary law of hypothalamic-pituitary-adrenal (HPA) axis activity. Furthermore,
PAE additionally alters sleep styles and circadian rhythms, outcomes in deficits in thermoregulation, and is
related to irrelevant feeding conduct. These deficits frequently persist throughout the lifestyle, suggesting that
alcohol publicity at some point of prenatal lifestyles may also adjust developmental trajectories to grow the
danger of unfavorable effects (Hellemans et al., 2010a). In the context of the fetal programming hypothesis,
early environmental or non-genetic elements, consisting of maternal undernutrition, pressure, and publicity to
capsules or different poisonous agents, can completely arrange or imprint physiological and neurobiological
structures and growth unfavorable cognitive, adaptive, and behavioral effects, in addition to vulnerability to
sicknesses or issues later in lifestyles (Godfrey and Robinson, 1998; Hanson and Gluckman, 2008; Swanson et
al., 2009). As the underlying mechanisms of those results start to emerge, it has grown to be obvious that
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epigenetic mechanisms are probably essential applicants for the programming results of PAE, linking childhood
environmental elements and neurobiological effects even as influencing fitness and conduct nicely into
adulthood (Yuen et al., 2011; Shulha et al., 2013). The period epigenetics extensively refers back to the changes
of DNA and its packaging that adjust DNA accessibility, which modulates gene expression and cellular features
without modifications to underlying genomic sequences (Bird, 2007). These epigenetic elements encompass
direct changes to DNA, post-translational amendment of histones, and non-coding RNAs. DNA methylation
presently is the maximum studied epigenetic amendment and includes the covalent attachment of a methyl
institution to the 5’ function of cytosine, generally taking place at cytosine-guanine dinucleotide (CpG) sites
(Jones and Takai, 2001). Although intently related to the law of gene expression, the affiliation between DNA
methylation and transcription relies upon genomic context. Whereas DNA methylation generally represses gene
expression whilst positioned in promoter regions, its results are extra variable for CpGs dwelling in gene our
bodies and intergenic regions. DNA methylation also can without delay manipulate transcription element
binding to gene regulatory regions, which includes enhancers, to modulate gene expression styles (Tate and
Bird, 1993). In addition to this position in transcriptional manipulate, DNA methylation has been related to
altered mRNA splicing whilst positioned inside introns, and its presence inside sure exons may also doubtlessly
alter opportunity transcriptional begin sites (Maunakea et al., 2010, 2013; Shukla et al., 2011). Furthermore,
DNA methylation is intently related to numerous essential developmental processes, consisting of genomic
imprinting, tissue specification, and differentiation, suggesting a position within the law of mobile features and
developmental trajectories (Smith and Meissner, 2013; Ziller et al., 2014). Perhaps most importantly, DNA
methylation may be attentive to environmental impacts and those modifications can probably be inherited via
cellular divisions to doubtlessly persist all through lifestyles (Hanson et al., 2011; Langevin et al., 2011; Yuen et
al., 2011). An extra exciting element of DNA methylation is its rising position as a capability biomarker of
early-lifestyles exposures, as it's miles effortlessly quantifiable, strong over time, and maybe acquired from
easily to be had peripheral tissues, which includes buccal epithelial cells and white blood cells (Bock, 2009).
Given its function within the law of gene expression and molecular function, in addition to its responsiveness to
environmental factors, DNA methylation offers an appealing mechanism for the organic embedding of the
continual deficits as a result of PAE. Mounting proof indicates an ability function within the etiology of PAE-
brought about deficits, as several researchers have diagnosed changes to epigenetic applications within the
important anxious device of animals uncovered to alcohol in utero throughout numerous tiers and ranges of
publicity (reviewed in Lussier et al., 2017). These varieties from variations in bulk tiers of DNA methylation to
genome-extensive adjustments in DNA methylation styles, assisting the speculation that PAE can regulate the
epigenome (Bekdash et al., 2013; Laufer et al., 2013). Although genome-extensive research had been executed
on complete brains in mice, little research has targeted centered mind regions. Among those who have, PAE
turned into proven to be related to altered DNA methylation repute of the POMC promoter within the rat
hypothalamus (Bekdash et al., 2013; Ngai et al., 2015). As a key regulator of the strain response, changes to this
gene may also mirror broader changes to the regulatory capabilities of the hypothalamus. Studies from scientific
cohorts of youngsters with FASD have diagnosed significant adjustments to DNA methylation styles in
peripheral tissues (Laufer et al., 2015; Portales-Casamar et al., 2016; Lussier et al., 2018). However, changes to
important tissue are hard if now no longer not possible to at once check-in scientific populations, and even as
peripheral tissues are greater effortlessly accessible, adjustments in those cells might not completely mirror
changes within the mind (Berko et al., 2014). Furthermore, the organic embedding of PAE's results in advance
should probably result in greater systemic results at the epigenome, which could be pondered through changes
given throughout numerous tissues. Currently, the genome-extensive effect of PAE on DNA methylation within
the hypothalamus stays unknown (Bekdash et al., 2013; Ngai et al., 2015). To cope with this gap, we applied a
well-mounted rat version of PAE to evaluate whether or not slight to reasonably excessive tiers of first and 2nd
trimester-equal alcohol publicity alters DNA methylation profiles within the early postnatal duration and
whether or not altered websites of DNA methylation should function biomarkers of gestational alcohol publicity
if additionally diagnosed in peripheral tissues. Using methylated DNA immunoprecipitation and next-
technology sequencing (meDIP-seq), we diagnosed statistically sizeable differentially methylated regions
(DMRs) in woman PAE animals that persevered throughout the preweaning improvement of the hypothalamus.
In parallel, we diagnosed concordant DNA methylation changes in white blood cells and the hypothalamus of
woman PAE animals as compared to controls on a postnatal day (P) 22. Our findings endorse that: (1) PAE
alters DNA methylation styles in each important and peripheral tissue, probably reprogram blood
compositioning neurobiological/physiological structures and influencing the deficits determined in FASD; and
(2) DNA methylation styles in peripheral tissue mirror a few adjustments in mind, which can function ability
biomarkers for important changes brought about through PAE.
Materials and Methods:
Prenatal Treatment:
Details of the methods for breeding and dealing with had been posted formerly (Bodnar et al., 2016).
Briefly, outbred male and nulliparous woman Sprague-Dawley rats have been received from Charles River
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Laboratories (St. Constant, Quebec, Canada). Following a one-week habituation duration, every woman (n = 39)
turned into pair-housed with a male and vaginal lavage samples have been accumulated day by day for estrous
cycle staging and to test for the presence of sperm, indicating gestation day (GD) 1. Pregnant dams have been
singly housed and assigned to one in all 3 prenatal remedy groups: Prenatal alcohol publicity (PAE) advert
libitum get admission to liquid ethanol diet, 36% ethanol-derived calories, 6.37% v/v, n = 13; Pair-fed (PF)
liquid-manipulate diet, maltose-dextrin isocalorically substituted for ethanol, in the quantity ate up through a
PAE partner, g/lkg frame weight/GD, n = 14; or Control (C)-a pelleted model of the liquid manipulate diet,
advert libitum, n = 12. All animals had advert libitum get admission to water. Experimental diets (Weinberg /
Keiver Liquid Ethanol Diet #710324, Weinberg/Keiver Liquid Control Diet #710109, and Pelleted Control Diet
#102698, Dyets Inc., Bethlehem, PA) have been fed from gestation days 1-21, after which changed with
laboratory chow. Litters have been weighed and culled at the beginning to six adult males and six ladies, whilst
possible. Pregnancy results and frame weights may be observed in Supplementary Table 1. Blood alcohol tiers
have been measured as formerly stated and ranged from eighty to a hundred and fifty mg/dl in PAE ladies
(Hellemans et al., 2010b; Uban et al., 2010; Bodnar et al., 2016).
Sample Collection:

We targeted our research of PAE-brought about epigenetic changes on woman animals, as sexually
dimorphic results of PAE are broadly stated (Lee and Rivier, 1996; Weinberg et al., 2008) and ladies are
normally underrepresented in molecular and genome-extensive research of FASD (Lussier et al., 2017). On
postnatal day (P) 1, 8, 15, and 22 woman offspring (max 1/litter) have been decapitated, trunk blood
accumulated (at P22 only), and brains eliminated and weighed; the hypothalamus turned into then speedy
dissected and frozen on dry ice in RNAlater (n = 7-11/age/group; Figure 1; Qiagen, Hilden, Germany). WBCs
have removed the use of Ficoll-Paque (GE Healthcare, Uppsala, Sweden), which isolates peripheral blood
mononuclear cells (PBMCs). All tissue accumulated turned left at 4°C for twenty-four h to permit for whole
permeation through RNAlater after which it froze at —eighty°C till DNA extraction, as in keeping with producer
instructions. WBCs have been saved in RNAlater at —eighty°C till DNA extraction (Qiagen, Hilden, Germany).
Due to the huge variety of animals related to the experimental layout of this study, animals have been
accumulated throughout 4 distinctive cohorts (experimental breedings), spanning January 2012-December
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Figure 1: Overview of the experimental design. We collected the hypothalamus of female offspring from one of
three prenatal treatment groups on postnatal days (P) 1, 8, 15, and 22. In parallel, white blood cells were
collected on P22 from the same animals as the hypothalamus samples. Each group/age/tissue was composed of
four samples for DNA methylation analysis by methylated DNA immuno-precipitated and next-generation
sequencing (meDIP-seq).

Blood Composition Analysis:

Analysis of blood composition became carried out on samples from a separate cohort of animals, which
have been bred at a later time however below the identical situations as the principal cohort. Briefly, on P22,
trunk blood became amassed from girl offspring (C: n = 6; PF: n = five; PAE: n = five) and analyzed the usage
of the Advial20 hematology system, which assesses whole blood counts and differential WBC counts
(CBC/Diff function). The stated values encompass counts for neutrophils, lymphocytes, monocytes, easinophils,
basophils, and big unclassified cells (Supplementary Table 2).

DNA Extraction:

Total RNA and DNA have been concurrently extracted from the hypothalamus and white blood cells (n

= 4/group/age/tissue; Qiagen AllPrep DNA/RNA Mini kit, Hilden, Germany). Frozen tissue became thawed on
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ice, quickly weighed, and located in a lysis buffer for five min. Homogenization was executed with the aid of
using five strokes of an 18 G needle, 10 strokes of a 20 G needle, and 10 strokes of a 23 G needle. The ensuing
homogenate became centrifuged at 21,000 g for three min and the supernatant became amassed for DNA and
RNA extraction. White blood cells have been thawed on ice after which centrifuged at 10,000 g for 10 min.
RNA later became cautiously eliminated without demanding the molecular pellet and cells have been
resuspended in lysis buffer. The cells have been then frozen at —80°C to disrupt molecular membranes and
thawed on ice. The ensuing homogenate became used for DNA and RNA extraction. DNA attention became
assessed through the usage of Qubit Fluorometric Quantitation (Life Technologies, Carlsbad, USA). Full
developmental facts about the animals may be discovered in Supplementary Table three.
Methylated DNA Immunoprecipitation and Next-Generation Sequencing:

Our methylated DNA immunoprecipitation observed with the aid of using next-technology sequencing
(meDIP-seq) approaches have been tailored from a formerly posted protocol and are mentioned in the element
below (Taiwo et al., 2012). Importantly, meDIP-seq offers qualitative measures of methylated CpG ranges
genome-extensive and, in contrast to bisulfite structured assays, is unique for methyl-cytosine. As formerly
noted, meDIP-seq insurance is exceedingly reproducible with decreased insurance in areas of sparse CpG
density, showing >99% concordance with bisulfite sequencing methods (Harris et al., 2010). However, our
experimental layout is primarily based totally on remedy vs. controls and as a result, handiest queries genomic
areas which might be addressable with the aid of using meDIP-seq reads. As such, we can't remove the
opportunity that extra DMRs are gifted inside genomic areas with sparse CpG insurance.

Sequencing Library Preparation:

For every pattern, 500 ng of DNA have been diluted to a complete extent of 60 uL of EB buffer
(Qiagen, Hilden, Germany). DNA was then transferred to a 96-nicely plate and sheared for 1 h the usage of the
Covaris Focused-ultrasonicator. DNA became purified by the usage of Ampure XP in 20% polyethylene glycol
(PEG) beads to achieve fragments sized from 2 hundred to 500 base pairs (Beckman-Coulter, Brea, USA).
Library education became executed at the Bravo Automated Liquid Handling Platform (Agilent, Santa Clara,
USA) the usage of the TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, USA). Following
give up-restore and A-tailing, adapters have been ligated in a single day at room temperature. PCR-unfastened
library education allowed for the conservation of methylated cytosines for the next methylated DNA
immunoprecipitation. Finally, DNA became resuspended in 35 pL of the EB buffer (Qiagen, Hilden, Germany).
DNA became best managed through the usage of Qubit Fluorometric Quantitation and the DNA one thousand
Bioanalyzer 2100 kit (Agilent, Santa Clara, USA) to affirm DNA attention and fragment size (250-550 bp).
Methylated DNA Immunoprecipitation:

For every pattern, four hundred ng of the sequencing library DNA have been diluted to an extent of
fifty uL of IP Buffer (10 mM sodium phosphate buffer, pH 7. zero, a hundred and forty mm NaCl, zero.05%
triton). DNA became denatured with the aid of using incubation at 95°C for 10 min, observed with the aid of
using the addition of forty-eight pL ice-bloodless IP buffer and incubation on ice for 10 min. Two microliters of
anti-five-methylcytosine antibody (Eurogentec, Liége, Belgium), diluted to 1/50 in IP buffer (1 pL of antibody
in keeping with 1 pug of DNA ratio), have been introduced to every pattern. Immunoprecipitation reactions have
been incubated for sixteen h at 4°C with overhead rotation. Following five min washes with one hundred fifty
pL of zero.1% BSA/PBS, 50 uL of Dynabeads Protein G have been incubated with five pL of secondary
antibody (rabbit anti-mouse 1gG; Jackson Immunoresearch, West Grove, USA) in forty-five uL ice-bloodless IP
buffer for 15 min at room temperature with overhead rotation. Beads have been washed two times with an IP
buffer to cast off unbound secondary antibodies and resuspended in a 50 pL IP buffer. The antibody-certain
beads have been introduced to the immunoprecipitation reactions and incubated for two h at 4°C with overhead
rotation. Beads have been then washed 6 instances with one hundred fifty uL of ice-bloodless IP buffer and
resuspended in 98. 97 puL of Proteinase K digestion buffer (TE with zero.five% SDS). Following the addition of
1.25 uL Proteinase K (20 mg/mL; Qiagen, Hilden, Germany), samples have been incubated in a thermomixer
for two h at 55°C with a rotation pace of 1,250 rpm. The response then allowed it to chill at room temperature
for 15 min. Supernatant became amassed and bead cleanup executed the usage of identical extent SeraMag
beads with 30% PEG. DNA became resuspended in 35 puL of the EB buffer (Qiagen, Hilden, Germany).

Sample Amplification and Indexing:

To lessen PCR amplification bias, separate reactions of the identical meDIP pattern have been run in
parallel with the usage of the subsequent PCR amplification cycle situations. The response mixes have been as
follows: 15 uLL DNA, 27 uL H20, 12 pL 5X HF buffer, 1. five uL DMSO, 1. zero pL paired-give up primer
(Illumina), zero.five pL Phusion High-Fidelity DNA polymerase (New England Biolabs), 2 pL indexing primer
(IMumina—unique to every pattern). The amplification cycle became as follows: 98°C for 1 min, 12X (98°C for
15 s, 65°C for 30 s, 72°C for 30 s), 72°C for five min. Reactions from the identical pattern have been pooled and
bead cleanup has executed the usage of SeraMag beads in 20% PEG (102 pL of beads in keeping with a hundred
and twenty pL of response). DNA became resuspended in a very last extent of 35 pL of EB buffer.
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Next-Generation Sequencing and Quality Control:

Indexed meDIP libraries have been mixed in three swimming pools of 20 samples every, dispensing
samples calmly with the aid of using tissue, age, and prenatal remedy throughout all 3 sets. Next-era sequencing
turned into done at the swimming pools with the aid of the Genome Sciences Centre in VVancouver, BC, Canada.
Each pattern pool turned into a run on HiSeq lanes, which produced about 600,000,000 paired-give-up reads of
one hundred twenty-five bases in line with the lane. Fastq documents have been aligned to the maximum
present-day rat genome (Rn6, July 2014) the usage of the Burrows-Wheeler Transform (BWA) device to
attain.bam documents (Li and Durbin, 2009). Bam documents have filtered the usage of stools to eliminate
reproduction reads, unpaired reads, and reads with a minimal fine rating underneath 10. Following alignment
and filtering, the 2 runs for every pattern have been merged into the usage of sams tools to attain an unmarried
bam record for every pattern (Li et al., 2009). Supplementary Table suggests sequencing associated information:
pattern pool, pattern index, a wide variety of uncooked reads, a wide variety of filtered reads, and a general wide
variety of reads/patterns.

Bioinformatic Analyses:
Peakset Generation:

Model-primarily based on a total evaluation of ChIP-seq (MACS2; model 2.1.0.20140616) turned into
used to perceive enriched areas of DNA methylation throughout the genome (Zhang et al., 2008). The top
calling to perceive top areas (DNA methylation windows) turned into done the usage of the “call peaks”
characteristic on paired give up bam documents without a manage enter and the subsequent options: —f
BAMPE-m five 50-by 300—g 2.9e9—q 0.05. Each pattern was modeled individually, producing 60 general peak
sets. These have been imported into R the usage of the DiffBind package (Stark and Brown, 2011). As all
samples had barely one-of-a-kind anticipated peaks, peak sets have been mixed into unusual place areas the
usage of the dba. rely characteristic in DiffBind, which eliminated peaks determined in < 3> 0 on. ninety-five
for all samples), with samples clustering maximum daintently with animals of equal age (Supplementary Figure
1). No outliers have been detected on this first by skip evaluation. Principal factor evaluation of the normalized
RPKM facts discovered good-sized ranges of variants related to batch results. Notably, meDIP and DNA
extraction rounds have been related to a massive percentage of variants within the dataset. However, each of
those elements has been tremendously confounded with age, as samples for every age have been extracted as a
batch and all P22 samples have been immuno-precipitated in a separate batch (Supplementary Figure 2). To
account for those results, ComBat correction, from the SVA package, turned into done at the RPKM facts from
the hypothalamic samples to accurate the results of meDIP spherical and DNA extraction spherical within the
dataset (Leek et al., 2012). Age turned into additionally barely confounded with the breeding from which
animals have been collected, as now no longer every age has been sampled from every of the one-of-a-kind
cohorts. Interestingly, a few partial results of breeding remained within the dataset following ComBat
correction, suggesting that this covariate turned into now no longer confounded with age. Furthermore, prenatal
remedy accounted for a bigger percentage of variance within the dataset following ComBat correction,
suggesting that the elimination of batch results may permit for the identity of greater diffused results of PAE.
The corrected and normalized RPKM values acquired from ComBat have been used for plotting purposes,
however have removing been transformed and returned to reads/kilobase for downstream statistical analyses.
Data Preprocessing and Normalization of the Tissue-Concordant Dataset:

The tissue-concordant dataset turned into preprocessed and normalized as defined above. Samples have
been tremendously correlated inside the tissue (r > 0.96), the primary driving force of DNA methylation
patterns, and properly correlated within the equal animals (r > 0.92). However, one OF WBC pattern clustered
with the hypothalamus samples, suggesting that it could be mislabeled for the duration of processing. As such,
this pattern turned eliminated from the dataset, ensuing in a dataset of 23 samples (Supplementary Figure three).
Principal factor evaluation of the normalized tissue-concordant RPKM facts discovered good-sized ranges of
variants related to DNA extraction spherical batch results (Supplementary Figure 4). Tissue kind turned into the
covariate maximum strongly related to variance within the dataset, even though it turned into barely confounded
with extraction spherical. While ComBat correction turned into used to account for the results of DNA
extraction spherical within the tissue-concordant dataset, this technique confined our cap potential to perceive
tissue-particular differences, because it eliminated the bulk of tissue-related variance from the dataset. Again,
prenatal remedy turned into a bigger percentage of variance within the dataset following ComBat correction.
Interestingly, breeding once more remained a chief contributor to variability within the dataset, suggesting that
difference between cohorts may have an important influence on epigenetic patterns.

Removing Cell-Type Specific DMRs:

Using formerly characterized transcriptomic profiles from mouse neurons, oligodendrocytes, and
astrocytes, we recognized DNA methylation peaks inside genes which can be specially expressed in every one
of a kind cell subtype (1. five-fold expression distinction in comparison to different cellular types; Cahoy et al.,
2008). Given the connection between gene expression and epigenetic styles, it's feasible that changes to the
DNA methylation stages of those genes may want to replicate modifications within the cellular-kind proportions
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inside this dataset. However, the bulk of the peaks within the dataset have been placed inside intergenic areas,
without annotated institutions with those genes, decreasing our cap potential to seize cellular-kind associated
variations. As such, handiest areas immediately placed inside neuron-, oligodendrocyte-, or astrocyte-particular
genes have been eliminated from similar analyses to lessen the capacity confounding thing of the cellular kind,
ensuing in a dataset of 451,112 peaks for downstream analyses of the hypothalamus.
DMR Identification:

Linear modeling became executed by the use of edgeR, which is normally used to investigate RNA-seq
and relies on facts and consists of a thing to account for the variety of reads in every sample (Robinson et al.,
2010a; Nikolayeva and Robinson, 2014). This technique became used to discover differentially methylated areas
(DMRs) that have been continually one of a kind among PAE animals and each manipulates corporations
throughout the one of a kinda long time and tissues. For each analysis, the version accounted for the
consequences of series all through one-of-a-kind breedings, and p-values have been corrected for more than
one-checking out the use of the Benjamini-Hochberg technique. Statistically vast DMRS at a fake discovery rate
(FDR) < 0.05 have been acquired for the subsequent contrasts: PAE vs. C, PAE vs. PF, and C vs. PF. The very
last PAE-particular DMRs have been statistically vast in each PAEVC and PAEVPF, and have been now no
longer observed within the PFvC contrasts.

Genomic Enrichment:

Custom annotations have been constructed for every peak set the use of us genome browser gene
annotations. Briefly, genomic coordinates of all CpG islands, exons, introns, promoters (TSS-two hundred bp
and TSS-1500 bp), 3’ untranslated areas (UTR), five’ UTRs for the rn6 genome have been acquired as mattress
documents from the desk browser. In parallel, MeDIP-seq peaks have been transformed to the mattress
document layout and the overlap of genomic capabilities with MeDIP-seq peaks became computed iteratively
the use of the intersect characteristic from tools, keeping handiest the peaks that contained the assessed genomic
function (Quinlan and Hall, 2010). The overlaps have been concatenated right into an unmarried annotation set
in R, in which person peaks contain statistics for every capacity genomic function. Of note, areas spanning each
intron and exons have been deemed intron/exons boundaries. P-values for genomic function enrichment
analyses have been calculated through computing heritage stages of genomic capabilities on 1,000 random
subsets of DMRs, the use of the identical variety of PAE-particular DMRs.

Transcription Factor Binding Site Analysis:

Enrichment of various transcription element binding sites (TFBS) in PAE-particular DMRs became
assessed by the use of the motif enrichment characteristic of the PWM Enrich package (Stojnic and Diez, 2013).
DMR DNA sequences have been acquired from our genome browser (Rné genome). As no binding motifs have
been to be had for the Rattus norvegicus genome, motifs from the Mus musculus genome have been acquired
from the PWMEnrich. Musculus heritage. Motifs have been summarized the use of the group report
characteristic. P-values have been calculated through appearing enrichment evaluation on 1,000 random subsets
of DMRs, the use of the identical variety of PAE-particular DMRs for every evaluation to evaluate heritage
stages of every TFBS within the one of a kind peak sets.

Gene Ontology Analysis:

The gene-rating resampling (GSR) device of ErmineJ (model 3.0.2) became used to discover gene
characteristic enrichment within the differentially methylated genes which include the Gene Ontology (GO)
annotations molecular characteristic, organic process, and cell component (Lee et al., 2005; Gillis et al., 2010).
The ermine GSR device became set with the subsequent parameters: max gene set size = 2,000; min gene set
size = 2; iterations = 10,000. Once again, statistically vast institutions (p < 0.05 and multifunctionality rating <
0.05) have been acquired for the subsequent contrasts: PAE vs. C, PAE vs. PF, and C vs. PF. The very last
PAGE-particular GO phrases have been statistically vast in each PAEvC and PAEVPF, and have been now no
longer observed within the PFvC contrasts. Importantly, ermine bills for the more than one feature assigned to
many genes, producing a multifunctionality p-price to lessen the prejudice of gene ontology analyses in the
direction of pathways with several not unusual place genes (Gillis and Pavlidis, 2011; Ballouz et al., 2017).
Bisulfite Pyrosequencing:

DNA from the identical samples as above has been subjected to bisulfite conversion the use of the
Zymo EZ DNA Methylation Kit (Zymo Research, Irvine, California), which converts DNA methylation
statistics into series base variations through deaminating unmethylated cytosines to uracil at the same time as
leaving methylated cytosines unchanged. Bisulfite pyrosequencing assays have been designed with PyroMark
Assay Design 2.0 (Qiagen, Hilden, Germany; Supplementary Table 4). The areas of the hobby have been
amplified through PCR the use of the HotstarTag DNA polymerase kit (Qiagen, Hilden, Germany) as follows:
15 min at 95°C, forty-five cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s, and a five min 72°C very
last extension step. For pyrosequencing, unmarried-stranded DNA became organized from the PCR product
with the Pyromark™ Vacuum Prep Workstation (Qiagen, Hilden, Germany) and the sequencing became
executed by the use of sequencing primers on a Pyromark™ Q96 MD pyrosequencer (Qiagen, Hilden,
Germany). The quantitative stages of methylation for every CpG dinucleotide have been calculated with Pyro
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Q-CpG software (Qiagen, Hilden, Germany). Of note, the handiest PAE and C animals have been assessed
through bisulfite pyrosequencing. We decided on numerous DMRs for verification through bisulfite
pyrosequencing primarily based totally on their capacity function in PAE-triggered deficits, particularly those
that specialize in their related gene.
Results:
The Developmental Profile of the Rat Hypothalamus:

Our preliminary evaluation of this dataset aimed to discover continual changes to DNA methylation
styles within the woman rat hypothalamus throughout early development (P1, 8, 15, and 22) the use of
methylated DNA immunoprecipitation (meDIP-seq). These a long time have been decided on as they constitute
key developmental time points, which include birth (P1), the mind boom spurt (P8), eye-opening (P15), and
weaning (P22; Dobbing and Sands, 1979; McCormick and Mathews, 2010).

PAE Resulted in Persistent Alterations to DNA Methylation Patterns within the Hypothalamus:

As mobile kind proportions are a prime driving force of DNA methylation styles, we first eliminated
peaks that had been placed inside genes in particular expressed in neurons, astrocytes, or oligodendrocytes,
ensuing in a dataset of forty-eight samples and 451,112 peaks. We assessed the mobile-kind related peaks
independently via means of linear modeling (18,050 peaks), figuring out few variations amongst prenatal groups
(Supplementary Figure 5).
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Figure 2: PAE-specific DMRs across pre-weaning development of the hypothalamus. (A) Contrast analysis
revealed 118 PAE-specific differentially methylated regions (DMR), which were significantly different in PAE
vs. C animals and PAE vs. PF animals, but not significantly different between PF vs. C. (B) The DMRs showed
consistent difference between PAE animals and controls across ages. Each row represents a different DMR,
while each column shows the mean for all animals within that group/age (n = 4). Reads per kilobase per million
(RPKM) data were scaled and centered to produce a Z-score for each DMR, where those in blue showed less
DNA methylation enrichment and those in red showed more enrichment.

Although this clears out become constrained via way of means of using genic and promoter areas, in
addition to gene expression styles from remoted neurons, glia, and oligodendrocytes, this partial evaluation
cautioned that few variations within the proportions of the 3 most important mind mobile sorts had been gift
within the dataset. In addition to mobile kind variations, especially-methylated areas related to age should have
additionally brought extraversion into our data. As such, we blanketed age as a covariate in our statistical
models, which can also additionally partly account for that age-brought about results through statistical means.
To determine chronic changes to DNA methylation styles because of PAE, we completed linear modeling at the
hypothalamic samples throughout every age with a version that still accounted for variations throughout
breeding cohorts. Using evaluation analyses, we effectively-recognized 118 PAE-unique DMRs at an FDR < 0
xss=removed>0.05 in PFvC; Table 1). Although those findings didn't attain importance after multiple-check
correction, they had been doubtlessly reflective of the wider results of PAE at the epigenome. Of note, the
pinnacle GO phrases had been related to steroid receptor signaling (GO:0042921, GO:0030518, GO:0031958,
GO0:0030520), a key feature of the hypothalamus. Several methods related to epigenetic regulation
(G0:0016577, GO:0006482, GO:0070932) had been additionally enriched within the PAE-unique DMRs, as
had been methods concerned in immune feature (GO:0030885, GO0:0030886, G0:0002314), and cell
metabolism (G0:0050812).

Name ID Number of Multi 1 paAEvC
genes Functionality
Glucocorticoid receptor signaling path 0025345 4 0.345 0.00345
Iptracgllular steroid hormone receptor 0003874 97 0.464 0.04543
signaling pathway
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Corticosteroid receptor signaling pathway 0038575 6 0.455 0.00879
Regulation of myeloid dendritic cell activation | 0003948 3 0.324 0.00895
Histone demethylation 0002847 2 0.567 0.00356
Protein demethylation 0038575 12 0.546 0.03456
Protein dealkylation 0039585 15 0.245 0.087475
Calcium ion export 003985 16 0.244 0.00674
Protein sumoylation 0001244 4 0.235 0.04578
Regulation of protein targeting to membrane 0058375 11 0.534 0.00674
Intraceullular estrogen receptor signaling 0059686 13 0.465 0.05663
pathway
Histone H3 deacetylation 0004566 7 0.354 0.05673
Relaxation of smooth muscles 0002355 9 0.345 0.00753
Midbrain-hindbrain boundary development 0029485 6 0.234 0.06656
GDP-mannose metabolic process 0019728 4 0.765 0.00564
Protein deacetylation 0006523 21 0. 342 0.05467
Regulation of acetyl-CoA biosynthetic process | 0050814 5 0.345 0.06753
Germinal center B cell differentiation 0002315 4 0.567 0.08653
Negative regulation of nuclear division 005179 25 0.345 0.07563
Multi-functionality of
p-value
Name p-value
PAEVPF PFvC PAEVC PAEVPF PFvC
Glucocorticoid receptor signaling path 0.00446 | 0.08764 0. 0.00486 0.03958
Intracelular steroid hormone receptor 0.02948 | 0.00345 | 0.00674 | 0.04968 | 0.00385
signaling pathway
Corticosteroid receptor signaling pathway 0.03495 | 0.00356 | 0.04667 0.06846 0.03595
5;?\‘/*;32?1” of myeloid dendritic cell 0.00564 | 0.02855 | 0.06746 | 0.03984 | 0.00385
Histone demethylation 0.05634 | 0.05963 | 0.06743 0.00486 0.00382
Protein demethylation 0.00345 | 0.00385 | 0.08574 0.00483 0.02958
Protein dealkylation 0.04567 | 0.00586 | 0.00567 0.00385 0.03958
Calcium ion export 0.00654 0.02855 | 0.07856 0.02853 0.00385
Protein sumoylation 0.02955 0.03958 | 0.00563 0.03257 0.00385
Regulation of protein targeting to 0.00546 | 0.06496 | 0.05683 | 0.02958 | 0.02858
membrane
:)r;tt%avf/z;”“'ar estrogen receptor signaling | 44678 | 009486 | 0.07846 | 003864 | 0.02945
Histone H3 deacetylation 0.00563 0.04868 | 0.07855 0.03845 0.00486
Relaxation of smooth muscles 0.00785 | 0.04968 | 0.00674 0.03857 0.00385
Midbrain-hindbrain boundary 0.06457 | 0.00385 | 0.07845 | 0.03857 | 0.02984
development
GDP-mannose metabolic process 0.00674 | 0.03596 | 0.07854 0.00385 0.0385
Protein deacetylation 0.05635 | 0.04968 | 0.05399 0.094585 0.02045
Efogcigas“on of acetyl-CoA biosynthetic 0.00385 | 0.00389 | 0.16594 | 0.03858 | 0.00385
Germinal center B cell differentiation 0.05632 0. 0.00385 0.00583 0.00285
Negative regulation of nuclear division 0.0646 0 0.00345 0.03855 0.03295

Table 1: Biological processes enriched in the developmental profile DMRs.
The Ddr4 DMR Was Verified via way of means of Bisulfite Pyrosequencing:

Given that meDIP-seq presents a relative sign of DNA methylation levels, we validated the PAE-
unique DMRs the usage of bisulfite pyrosequencing, an especially quantitative degree of DNA methylation, to
check whether or not meDIP-seq should appropriately stumble on changes in DNA methylation styles.
Importantly, this method additionally detects DNA hydroxymethylation, however can't differentiate among the
one-of-a-kind cytosine modifications, at the same time as meDIP-seq is unique to DNA methylation because of
the character of the antibody used. We assessed 4 one-of-a-kinds DMRs, primarily based totally on their ability
position within the etiology of PAE-brought about deficits. Of note, best a part of CpGs inside every DMR had
been assessed via way of means of bisulfite pyrosequencing because of barriers in examine length, and as such,
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extra CpGs in the DMR can also additionally partly pressure a number of the differential DNA methylation
enrichment recognized via way of means of meDIP-seq.

We first assayed sixteen CpGs in the 3' UTR of the Drd4 DMR (chr1:214,281,174-214,281,640) within
the equal samples because of the meDIP-seq evaluation (Figure 4). DNA methylation in any respect CpGs
assayed became drastically related to PAE whilst correcting for age (p < 0>5% extrude in DNA methylation
throughout the complete DMR on P1 and P22 in PAE as compared to C animals (p < 0.05). A 5% DNA
methylation extrude is regularly used as an arbitrary quantitative cutoff for ability organic importance in
epigenome-huge affiliation research, even though we are aware that many research files decrease impact sizes
(Mill and Heijmans, 2013; Breton et al., 2017). At older times, numerous of the CpGs remained drastically
specific among PAE and controls, with numerous closing gifts on P22. Overall, bisulfite pyrosequencing
confirmed the equal course of extrade because of the meDIP-seq evaluation on this DMR and typically
displayed exact concordance among the 2 technologies (Table 2).
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Figure 4: Bisulfite pyrosequencing verification of the Drd4 DMR. 16 CpGs (#7-22) spanning 380 base pairs
(bp) of the DMR located in the 3" UTR of Drd4 were verified by pyrosequencing in the same animals as the
meDIP-seq analysis. All CpGs on P1 displayed >5% change in DNA methylation levels between PAE (red) and
controls (blue). Of these, several were consistently different across all ages and a number persisted until P22.
The total levels of DNA methylation in the DMR also increased with age across all groups.

DMR DMR Individual CpGs
Age DNAM p- (from no. 7-22 of
value the DMR)
P <0.05 and
95%CI 95% Changes
PAE C Mean (Lower) | (Upper) SD P<0.05 5005 change
>0.05
All 2.56E- 3 CpG7,9, CpG7, 9,
Ages 44.329 40.23 3.564 1.453 6.472 1.312 023 CpG7-22 10,17, 18 10,17, 18
6.45E- CpG7,9, CpG7, 9,
P1 32.457 | 27.534 | 5.246 2.443 7.442 1.543 03 CpG7-21 10, 15-17 10, 15-17
P | 41534 | 41534 | -0274 | 5345 | 4355 | 2534 | Do CpG7 CpG7 CpG7
8.34E- | CpG7-10,12,13, | CpG7, 10, CpG7, 10,
P15 49.244 | 44235 | 4.255 2.324 7.453 1.545 03 15-17 13, 16 13, 16
3.54E- CpG8, 13, CpGs, 13,
P22 54.245 | 47.345 | 6.356 1.435 10435 | 2.324 02 CpG 8, 13, 16-20 17-20 17-20

Table 2: Summary of the pyrosequencing results for the Drd4 DMR.

We extensively utilized this approach to affirm 3 extra DMRs, positioned inside Ifihl (chr3:
48,561,559-48,561,925), Mycbp (chr5:141,565,784-141,566,172), and Play (chrl6: 19,912,813-19,913,185)
(Supplementary Figure 6). These confirmed much less regular adjustments in DNA methylation among the 2
methods, as a few a while regarded to force DNA methylation styles greater than others and a few CpGs
confirmed contrary course of extrude among meDIP-seq and pyrosequencing. For instance, the Ifihl locus most
effective confirmed huge differential DNA methylation at P15 most effective (p = 0.044; extrude = 1.21%),
even as the Mycbp and Plvap loci displayed a subset of huge CpGs at numerous a while. Although the small
variations diagnosed amongst corporations propose that meDIP can be touchy sufficient to discover small
adjustments in DNA methylation stages, the course of extrude became now no longer continually regular with
the meDIP-seq outcomes. These findings additionally raised the opportunity that DNA hydroxymethylation
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variations will also be in play inside those loci because this DNA amendment suggests excessive incidence
within the mind and that would probably give an explanation for the discrepancies among meDIP-seq and
pyrosequencing (Lister et al., 2013).
Tissue-Concordant Alterations to DNA Methylation Patterns:

In parallel to the evaluation of DNA methylation within the hypothalamus at some point of early
development, we used meDIP-seq to assay DNA methylation within the hypothalamus and WBC of the equal
P22 females. This evaluation aimed to perceive tissue-concordant changes found in each valuable apprehensive
system (CNS) and peripheral tissue in reaction to PAE.

White Blood Cell Proportions Were Not Different Across Groups:

As noted, cell-kind proportions are a first-rate motive force of epigenetic variability. However, the
quantity of blood amassed from P22 animals became too small to carry out each epigenetic and blood
composition analysis at the equal animals. For this reason, we amassed samples from P22 animals from an
unbiased cohort (i.e., bred at a later time, however below the equal situations as the ones within the gift study) to
decide whether or not PAE altered the proportions of WBCs that might be amassed the use of the Ficoll-Paque
approach. Composition evaluation of complete blood indicated the proportions of lymphocytes, neutrophils,
monocytes, basophils, eosinophils, and massive unclassified cells. Linear modeling discovered no huge
variations amongst prenatal remedy corporations, suggesting that PAE does now no longer regulate the share of
the predominant WBC subtypes (Supplementary Figure 7). These findings propose that WBC proportions in all
likelihood did now no longer impact variations in DNA methylation styles among corporations within the gift
dataset.

PAE Caused Tissue-Concordant Alterations to DNA Methylation Patterns:

To perceive tissue-concordant changes to DNA methylation styles related to PAE, we accomplished
linear modeling at the tissue-concordant dataset with a version that still accounted for variations throughout
breeding cohorts. This approach diagnosed 299 PAE-unique DMRs at an FDR < 0.05 that had been found in
each tissue and confirmed the equal course of extruding in PAE vs. manipulating animals (Figure 5;
Supplementary Table 8). In comparison to the developmental profile, those DMRs confirmed smaller fold
adjustments, with most effective 7/299 showing a 2-fold extrude in PAE animals vs. controls, suggesting that
subtle, however probably critical changes are found throughout tissues (Supplementary Table nine).
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Figure 5: PAE-uniqgue DMRs concordant throughout the hypothalamus and white blood cells. (A) Contrast
evaluation found out 299 PAE-unique differentially methylated areas (DMR) among each tissues, which have
been notably exclusive in PAE vs. C animals and PAE vs. PF animals, however now no longer notably
exclusive among PF vs. C. (B) Heatmap of the DMRs. Each row represents a exclusive DMR, whilst every
column indicates the meDIP-seq statistics for every animal (n = 4, besides PF WBC: n = 3). Reads in keeping
with kilobase in keeping with million (RPKM) statistics have been scaled and targeted to supply a Z-rating for
every DMR, wherein the ones in blue confirmed much less DNA methylation enrichment and people in purple
confirmed extra enrichment. PAE-unique DMRs confirmed the identical route of extrade in each tissues, with a
few graded consequences of tissue type.

Of the huge DMRs, one hundred and five had been up-methylated and 194 had been down-methylated
in PAE animals, and their length ranged from 355 to 2,038 bp (median = 574 bp). The majority of DMRs
additionally displayed small tissue-unique consequences within the relative enrichment of DNA methylation,
even though the significance of extra became comparable among PAE and controls throughout each tissue
(Figure 5). Again, a majority of DMRs had been positioned in intergenic areas and were now no longer related
to any gene (Figure 6A). However, the DMRs confirmed improved enrichment in intergenic areas as compared
to historical past stages and much less enrichment in intron/exon boundaries, which became pushed specifically
with the aid of using the down-methylated areas. These outcomes may also replicate the function of DNA
methylation within the law of splice variants, which can probably be stricken by PAE. Overall, seventy-five
DMRs had been positioned in genes, even though the bulk of those had been yet again positioned in intronic
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areas. Several DMRs had been positioned in genes concerned with immune function (Fgf9, 1118r1) and alcohol
metabolism (Adh4). Of note, one DMR spanned nine specific isoforms of the Utgla own circle of relatives of
genes, which can be associated with opportunity splicing, even as Calnl and Cntnap5c each contained 3

separate DMRs.
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Figure 6: Enrichment styles of the tissue-concordant DMRs. (A) Genomic function enrichment profile of all, up-
methylated, and down-methylated DMRs. The probe counts for every function (blue) have been as compared to
the effects from permutation analyses of 299 random areas (orange), which have been used to compute the p-
value. While the bulk of DMRs have been positioned in intergenic areas, they confirmed a better percentage
than predicted with the aid of using random extrade (p < 0.01). By contrast, exon/intron limitations have been
underrepresented within the DMRs, specifically in the areas that have been down-methylated in PAE animals.
(B) Overrepresentation evaluation of transcription issue binding websites within the DMRs. Several TFBS
confirmed better enrichment within the tissue-concordant DMRs (blue) than predicted with the aid of using
random chance (orange), with GMEB1 displaying the best enrichment at 16% of all DMRs. *p < 0.05, **p <
0.01.
Several Computationally-Predicted TFBS Were Enriched in Cross-Tissue PAE-Specific DMRs:

We assessed the enrichment of TFBS inside those cross-tissue PAE-unique DMRs to look at ability
regulatory areas. Following multiple-check correction (FDR < 0.05), we diagnosed sixteen TFBS enriched
inside those areas as compared to historical past stages (Figure 6B). The maximum common motif belonged to
GMEBL1, which was discovered in sixteen% of all DMRs. Several binding websites for the forkhead box (FOX)
own circle of relatives of transcription elements had been additionally enriched in those areas. To be aware, the
enrichment of MLX and SREBF1 motifs within the cross-tissue DMRs overlapped with the outcomes from the
developmental profile.

Genes in Cross-Tissue PAE-Specific DMRs Were Enriched for Various Biological Processes:

We achieved GO evaluation to envision the wide practical effect of PAE-brought about adjustments in
DNA methylation styles throughout the hypothalamus and WBC. Through this evaluation, we recognized 35
PAE-unique organic methods (each p-value and multifunctionality p-value < 0>0.05 in PFvC; Table 3).
However, with multiple-check correction, those findings did not attain significance, suggesting that those can
also additionally constitute extra diffused results on the worldwide epigenome. Of note, the pinnacle GO phrases
have been related to metabolic methods, which include aldehyde metabolism (GO:0006081). Several methods
have been additionally related to immune function (GO:0045063, GO:0071351, G0:0032733, GO:0070673,
GO:2674), chromatin remodeling (GO:6338, GO:90239), and the strain response (GO:42320).

Verification of DMRs through Bisulfite Pyrosequencing:

We used bisulfite pyrosequencing to evaluate quantitative stages of DNA methylation among PAE and
Control animals in 3 cross-tissue DMRs. More specifically, we analyzed DNA methylation within the very last
exon and 3" UTR of Adh4 (chr2:243,719,416-243,720,233), the primary exon and 5' UTR of Ctnnbipl
(chr5:166,485,057-166,485,637), and the primary intron of Ffg9 (chrl15:38,377,629-38,378,027;. The essential
variations in DNA methylation stages have been recognized among tissues, which every so often confirmed
specific instructions of extra de among PAE and controls. In particular, an unmarried CpG with within the Adh4
DMR confirmed ~5% methylation distinction within the hypothalamus of PAE animals (p = 0.011; extrude =
5.94%), however, this impact changed into now no longer found in WBC or each tissue blended and changed
into within the contrary course of the meDIP-seq consequences. Another CpG within the Adh4 locus confirmed
small, however now no longer statistically sizeable, adjustments that have been regular among tissues. This
sample changed into additionally discovered within the Fgf9 locus, which indicates diffused however ability
systemic results of PAE. Furthermore, DNA methylation within the Fgf9 DMR changed drastically related to
PAE within the hypothalamus (p = 0.031; extrade = 0.94%), however now no longer each tissue blended or
WBC alone. By contrast, the Ctnnbipl locus confirmed contrary, however non-sizeable, results among tissues
(reduced within the hypothalamus; expanded in WBC), with most effective CpG displaying sizeable differential
methylation in WBC alone (p = 0.036; extrude = 5.50%) suggesting that different elements can also additionally
come into play, along with DNA hydroxymethylation or genetic influences. Moreover, as we now no longer
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investigate quantitative DNA methylation degree throughout the complete DMR because of pyrosequencing
limitations, different CpGs can also add pressure to the enrichment styles formerly recognized through meDIP-
seq.
Discussion:

Alcohol publicity in utero has been proven to reprogram physiological and neurobiological systems,
growing the hazard of unfavorable developmental effects throughout the lifespan (Zhang et al., 2005; Mattson et
al., 2011, Pei et al., 2011). Given the ability function of epigenetic mechanisms in mediating the long-time
period results of PAE, the prevailing look at aimed to increase preceding paintings at the effect of in utero
alcohol publicity at the epigenome, the use of an animal version of PAE to evaluate genome-extensive DNA
methylation styles within the hypothalamus and WBCs in the course of early postnatal improvement in girls, a
set in large part underrepresented in neurobiological, molecular and genetic studies. We recognized 118
differentially methylated regions (DMRs) that have been altered within the hypothalamus of PAE vs.
manipulating animals throughout the pre-weaning period. In parallel, we determined 299 DMRs showing
concordant DNA methylation changes among the hypothalamus and WBCs of PAE animals at weaning. Several
differentially methylated genes have been functionally associated with PAE-brought about deficits, having roles
within the immune response, neurobiological function, and intellectual fitness. Additionally, practical
enrichment discovered numerous PAE-unique organic methods, which include the ones associated with immune
function, the strain response, and epigenetic regulation. In addition, we recognized numerous transcription
component binding sites (TFBS) that have been enriched within the DMRs, which can also additionally
doubtlessly mirror broader programming results of PAE at the epigenome. Overall, this look is some of the first
to evaluate imperative and peripheral results of PAE on DNA methylation styles similarly to characterizing
genome-extensive adjustments in girls prenatally uncovered to alcohol. Our findings advise that PAE results in
extensive changes to epigenomic packages in each of the CNS and peripheral tissues, with an ability effect on
each neurobiological and physiological system. In addition, we tested that peripheral adjustments in DNA
methylation profiles ought to function as an ability biomarker of PAE's results at the CNS. These findings also
can offer perception into different neurodevelopmental and intellectual fitness disorders, along with autism,
ADHD, depression, and plenty of extra, as they percentage severe effects and comorbidities. Our preliminary
evaluation of the DMRs discovered numerous differentially methylated genes that might apply to PAE-brought
about deficits. In particular, the dopamine receptor D4 (Drd4) gene contained a DMR that continued throughout
the early developmental period. Given its important function in dopaminergic function, in addition to
interactions amongst dopaminergic, neuroendocrine, and immune systems, changes to this gene ought to mirror
broader changes to signaling within the mind. Interestingly, differential DNA methylation styles of Drd4 also
are gift within the buccal epithelial cells of people with FASD, suggesting that this could represent an affiliation
of PAE with the epigenome that replicates throughout organisms (Fransquet et al., 2016; Portales-Casamar et
al., 2016; Lussier et al., 2018). Although those have been now no longer recognized in imperative tissues, buccal
epithelial cells can also additionally act as a satisfactory surrogate tissue for the mind in human DNA
methylation studies, as they originate from the equal germ layer (Lowe et al., 2013; Portales-Casamar et al.,
2016). Importantly, similarly to this affiliation with FASD, a genetic and epigenetic variant in Drd4 has been
connected to interest deficit hyperactivity disorder (ADHD), schizophrenia, bipolar disorder, substance-use
disorders, and numerous different neurological disorders. Golga4 additionally contains PAE-unique DMRs
throughout hypothalamic improvement and is overexpressed within the prefrontal cortex of people with bipolar
disorder (Iwamoto et al., 2004). As a member of the Golgi secretory pathway, it may additionally doubtlessly
have an impact on the secretion of neuropeptides with the aid of using cells of the hypothalamus, probably
gambling a position in altered feature of responsiveness following PAE (Wong and Munro, 2014). Similarly,
extended Plvap expression will increase the breakdown and permeability of the blood-mind barrier (BBB; Shue
et al., 2008). Given that ethanol will increase the permeability of the BBB in person mice, mild changes in DNA
methylation of Plvap should mirror broader consequences at the BBB, which should, in turn, should affect
downstream neurobiological features (Alfonso-Loeches et al., 2016). The tissue-concordant DMRs additionally
contained numerous genes formerly related to intellectual fitness disorders. Although the equal temporal balance
couldn't be assessed here, as each tissue originated from an equal age, those findings may also factor to greater
systemic consequences of PAE at the growing organism. In particular, Adh4 turned into differentially
methylated throughout the hypothalamus and WBCs of PAE animals and has been formerly related to alcohol
dependence and substance abuse (Luo et al., 2005). Importantly, it's far a key thing of alcohol metabolism
pathways and will mirror extended susceptibility to the consequences of alcohol all through improvement.
Furthermore, Calnl contained three separate DMRS; because it incorporates a chance allele for schizophrenia in
a few human populations, it may additionally play a position in a number of the neuropsychiatric deficits found
in people with FASD (Li et al., 2015). Of note, genes displayed differential DNA methylation styles in each
developmental profile and tissue-concordance analysis, Cntnap5c and Ush2a, which may also mirror continual
changes to DNA methylation styles throughout each age and tissue type. In humans, a genetic version in
Cntnap5 is related to the chance for Alzheimer's disorder and bipolar disorder, at the same time as its deletion is
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related to autism and dyslexia, suggesting the opportunity that not unusual place pathways may also come into
play amongst specific neurological disorders. By contrast, mutations in Ush2a motive Usher syndrome 11, that's
related to listening to deficiencies, deficits additionally usually located in people with FASD (Church and
Gerkin, 1988). Importantly, our animal version is primarily based totally on an outbred populace of Sprague-
Dawley rats, which show pretty large genetic diversity. Although genetic history also can have an impact on
DNA methylation styles during the genome, the extra variability each inside and among our remedy companies
may also lessen the probability of genetic version having the main effect on our outcomes and shows that our
outcomes may also constitute greater strong institutions among PAE and DNA methylation styles (Fraser et al.,
2012; Heyn et al., 2013; Moen et al., 2013). Finally, numerous DMRs in each dataset have been positioned in
genes related to immune features and responses. In particular, Ifihl turned into recognized throughout every age
within the hypothalamus; as a receptor for double-stranded RNA that responds to viral infections, it may be
related to vulnerability to immunological deficits (Rice et al., 2014). In addition, Fgf9, a key issue in embryonic
and glial cellular improvement, turned into differentially methylated in each of the hypothalamus and WBCs
(Thisse and Thisse, 2005). This increase issue promotes pro-inflammatory environments thru Ccl2 and Ccl7
chemokine secretion, constant with numerous DMRs that have been positioned in genes related to pro-
inflammatory cytokine and chemokine signaling (Lindner et al., 2015). These covered 1120ra and Ccrl2 within
the developmental profile, and 1118r1 within the tissue-concordance analysis, suggesting that PAE should have
an impact on inflammatory pathways thru epigenetic mechanisms, and ultimately, doubtlessly adjust mind
improvement and the neuroimmune response. We additionally assessed the practical enrichment of genes
positioned inside PAE-precise DMRs, figuring out some of the organic strategies related to differential DNA
methylation styles in PAE animals in comparison to controls. In the DMRs recognized throughout hypothalamic
improvement, a huge variety of GO strategies have been related to features associated with steroid receptor
signaling. The hypothalamus is significant to several physiological structures that feature thru steroid hormones,
lots of which might be dysregulated with the aid of PAE (Weinberg et al., 2008). As such, this enrichment
sample shows that DNA methylation may also play a position within the reprogramming of hormonal structures
all through early improvement, doubtlessly priming physiological structures to new set-points. In addition,
numerous strategies in each of the developmental and tissue-concordant DMRs have been related to histone
adjustments, which may also mirror the complicated interaction among specific layers of the epigenetic
machinery. Several pieces of research have recognized changes to histone adjustments within the mind
following developmental alcohol exposure, in addition to highlighting their cap potential position in FASD. A
huge variety of immune-associated organic strategies have been additionally recognized thru this analysis, that's
especially applicable to people with FASD, who can be greater liable to infections and immune deficits, a
phenotype recapitulated throughout a couple of animal fashions of PAE, and with a few initial proofs in humans
(Bodnar and Weinberg, 2013; Bodnar et al., 2016). Given the position of the hypothalamus in modulating the
immune response, altered epigenetic packages should doubtlessly make a contribution to changing baseline
features and/or responsiveness to the immune task of the hypothalamus, restricting the organism's capacity to
shield towards disorder or infection. In addition, the pinnacle GO period related to PAE within the tissue-
concordant DMRs turned into a “mobile aldehyde metabolic process,” which may also mirror lasting
consequences of PAE at the organism's capacity to metabolize and tolerate alcohol's metabolic byproducts and
probably modulate susceptibility to substance abuse later in life. While no overlaps have been recognized
among the precise organic strategies recognized inside the developmental profile and tissue-concordance
analyses, each contained an excessive percentage of strategies related to immune, endocrine, or epigenetic
features. These findings advise that PAE may also motivate systemic consequences at the epigenome throughout
a couple of tissue types, which may also, in turn, have an impact on downstream neurobiological and
physiological strategies.

Previous research has recognized diffused consequences of PAE on gene expression applications and
epigenomic styles, that are regular with the consequences of different prenatal exposures. Regions containing
decreased CpG density appear like extra awareness of environmental exposures, highlighting the significance of
choosing a way that covers a big part of the epigenome whilst reading environmental exposures (Irizarry et al.,
2009). We analyzed genome-extensive DNA methylation with the use of meDIP-seq, which reduces the
complexity of the dataset with the aid of omitting unmethylated areas at the same time as interrogating a
majority of the genome (Harris et al., 2010). However, one issue of meDIP-seq is that it's miles enormously
depending on DNA methylation ranges, neighborhood CpG density, and CpG position, which can introduce
biases within the data (Pelizzola et al., 2008; Robinson et al., 2010b; Lentini et al., 2018). However, with the aid
of using acting pairwise comparisons among remedy and manage groups, such biases are appreciably decreased
or eliminated (Harris et al., 2010). The enrichment styles determined throughout our datasets are regular with
the truth that almost all of the mammalian genome is CpG-depleted and, apart from energetic regulatory areas,
the last CpGs are methylated. By contrast, the enormous majority of CpG-wealthy areas (i.e., promoters, CpG
islands) are unmethylated and are much less probable to bind to the 5-methylcytosine antibody, main to
depletion in meDIP-seq data, as determined in our very own datasets. Consistent with the truth that promoter-
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related CpG islands are in large part insensitive to environmental stimuli, few DMRs throughout our analyses

had been recognized in promoters and CpG islands. Indeed, the bulk of DMRs had been positioned in intergenic

areas and introns. Although those findings would require extra validation, those intergenic areas are vital to in

addition explore, as they're doubtlessly extra aware of the consequences of PAE and can incorporate vital
regulatory areas now no longer but annotated within the rat genome.
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Figure 3: Enrichment patterns of the developmental DMRs. (A) Genomic feature enrlchment profile of all, up-
methylated, and down-methylated DMRs. The probe counts for each feature (blue) were compared to the results
from permutation analyses of 118 random regions (orange), which were used to compute the p-value. The
majority of DMRs were located in intergenic regions or introns. Up-methylated regions in PAE animals
contained more CpG islands (CGI) and exons than expected by chance (p < 0.05). (B) Overrepresentation
analysis of transcription factor binding sites in the DMRs. Only BHLHE40 showed higher enrichment in the
PAE-specific DMRs (blue) than by random chance (orange; p < 0.05), although SREBF1 and MLX trended
toward significance (p < 0.1). *p < 0.05, #p <0.1.

In addition, numerous DMRs had been positioned in intron/exon boundaries. Given that DNA
methylation performs a function in regulating opportunity splice editions, those findings may also mirror
changes to the stability of various isoforms in the cell, that could impact downstream mobile profiles and
phenotypes (Maunakea et al., 2010, 2013; Shukla et al., 2011). Although isoform stability has now no longer
been investigated within the context of PAE, alcohol intake can impact the proportions of various splice editions
within the mind, helping a capacity function in early-lifestyle exposures as well. Interestingly, a bigger
percentage of down-methylated DMRs had been recognized in each analysis, that's regular with numerous
research displaying that PAE decreases bulk DNA methylation ranges. These findings offer vital perception into
the diverse results from special paradigms of alcohol publicity and propose that comparable upstream
mechanisms may also affect DNA methylation throughout fashions. In particular, alcohol is thought to affect
one-carbon metabolism via a couple of pathways, consisting of inhibition of folate-structured methylation
pathways and AdoMet synthesis (Medici and Halsted, 2013; Ngai et al., 2015). Furthermore, PAE can impact
each expression and interest of DNA methyltransferases, which might be important for the established order and
renovation of DNA methylation profiles (reviewed in Lussier et al., 2017). These famous mechanisms of
alcohol-brought on DNA methylation changes probably make contributions to the differential DNA methylation
styles determined throughout fashions and organisms, with particular consequences doubtlessly dictated with the
aid of using the timing and dosage of alcohol publicity, or different environmental factors (Pollard, 2007; Rogic
et al., 2016; Lussier et al., 2017). For example, our animal version makes use of a regular stage of alcohol
publicity, ensuing in blood alcohol ranges of 80—a hundred and fifty mg/dl throughout the equal of the primary
trimesters of human pregnancy. With this mild to a reasonably excessive stage of publicity, equal to 1-2
instances of the felony riding restriction in maximum jurisdictions, we no longer study dysmorphologies or
different intense increases and purposeful deficits. However, this paradigm does cause a huge variety of
behavioral and purposeful abnormalities, which might be normally gifted throughout the whole spectrum of
FASD. As such, the differential DNA methylation profiles determined inside the gift look to doubtlessly mirror
a broader part of the FASD spectrum in humans, and probable factor to a number of the not unusual place
pathways stricken by PAE throughout special publicity styles. The big percentage of DMRs positioned in
intergenic areas indicates that those should incorporate regulatory areas at risk of the impact of PAE. Given that
the rat genome is poorly annotated for regulatory features, we assessed the enrichment profiles of various
transcription component binding websites within the DMRs, which might be encouraged with the aid of using
DNA methylation ranges inside particular loci. While most effective the binding web website online for the
BHLHE40 transcription component turned into appreciably enriched in PAE-particular DMRs throughout early
development, we formally recognized this gene as differentially expressed within the mind of PAE person
animals (Lussier et al., 2015). This gene negatively regulates the circadian rhythm, a key feature of the
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hypothalamus this is dysregulated in people with FASD (Nakashima et al., 2008). The BHLHE4O0 transcription
component should doubtlessly play a function in early programming consequences of PAE on neurobiological
structures, with chronic expression and downstream impact into later lifestyles. By contrast, the tissue-
concordant DMRs contained an excessive percentage of appreciably enriched TFBS, consisting of SREBF1,
which trended in the direction of importance within the developmental profile DMRs. SREBF1 is related to key
metabolic methods for hormonal signaling because it performs a function within the law of LDL cholesterol
production (Osborne, 2001). It is likewise related to Smith—Magenis syndrome, which is characterized with the
aid of using a highbrow disability, disordered sleep, and behavioral problems (Smith et al., 2002). Furthermore,
extra TFBS enriched within the tissue-concordant dataset protected individuals of the forkhead field's circle of
relatives of genes, consisting of FOXK1 and FOXO3. In particular, FOXO3 turned into recognized as a hub
gene within the mind PAE animals following an immune challenge, suggesting that it could high organic
structures from early in lifestyles (Lussier et al., 2015). Finally, the very best represented TFBS within the
tissue-concordant dataset turned into GMEBL, that's worried in sign transduction of the glucocorticoid response
(Zeng et al., 2000).

Importantly, the latest proof shows that DNA methylation styles can affect transcription element
occupancy, modulating using enhancer factors and gene expression stages (Maurano et al., 2015; Yin et al.,
2017). Taken together, those findings recommend that the DMRs diagnosed in each developmental and tissue-
concordant evaluation may also include key regulatory areas and that numerous transcription elements possibly
act in live performance with DNA methylation to mediate the outcomes of PAE on physiological functions.
Although meDIP-seq lets in for the research of greater variable areas of the epigenome, it affords a specific
caveat while assessing DNA methylation stages, because it presents relative stages of DNA methylation
throughout large areas of the genome, as opposed to quantitative and granular data. While a relative approach
changed into affordable for the reason of our look at, which changed into to perceive variations among animals
uncovered to alcohol and controls, we additionally tried to affirm our findings from the meDIP-seq evaluation
via bisulfite pyrosequencing, the gold trendy for focused DNA methylation analyses. However, the concordance
among the 2 strategies changed into now no longer as sturdy as expected, with most effective the Drd4 locus
displaying massive modifications throughout the whole DMR. By contrast, different tested areas each confirmed
a subset of CpGs that would be riding the associations. This discordance may also probably be because of some
of the elements, such as DNA hydroxymethylation, a bias of meDIP towards areas of excessive DNA
methylation and CpG density, or pattern size. A primary problem of the usual bisulfite pyrosequencing
strategies used right here as a verification approach for meDIP-seq is that it detects each methylated and
hydroxymethylated cytosine, and there's no manner to differentiate the 2 changes the use of totally bisulfite
conversion, ensuing in a mixed-signal. Although oxidative bisulfite conversion can distinguish DNA
methylation and hydroxymethylation while utilized in parallel with bisulfite conversion, we couldn't carry out
this evaluation on our samples because of DNA entering limitations (Booth et al., 2012). By contrast, meDIP-
seq especially enriches DNA methylation, because the antibody is exceptionally particular to 5-methylcytosine
(Taiwo et al., 2012). Given that neuronal cells include an excessive percentage of DNA hydroxymethylation as
compared to different mobile kinds, it's far viable that the determined variations in effects from the 2
methodologies are because of the confound of extra epigenetic styles now no longer assessed within the meDIP-
seq evaluation (Wang et al., 2012; Lister et al., 2013). Indeed, some research has proven that developmental
alcohol publicity can adjust DNA hydroxymethylation applications in neuronal cells, suggesting that it can
additionally play a function within the etiology of FASD and might have biased our verification analyses (Chen
et al., 2013; Oztiirk et al., 2017). In addition, the dearth of verification may want to probably be because of the
notably low variety of animals used within the gift look at, in addition to accelerated variability within the
enrichment profiles acquired from meDIP-seq, given the wider areas assessed. Nevertheless, the Drd4 locus
diagnosed within the developmental profile of the hypothalamus displayed constant DNA methylation changes
in each strategy, suggesting that meDIP-seq can certainly seize variations in DNA methylation styles,
irrespective of the effect of DNA hydroxymethylation, and additionally highlighting the significance of the
dopaminergic device in PAE-caused changes. Additional research is required to validate those findings and
verify their courting to the deficits determined following PAE. Given the excessive occurrence of DNA
hydroxymethylation with inside the mind, destiny research must undertake to tease out the function of DNA
methylation and DNA hydroxymethylation within the context of PAE, the use of strategies that may
quantitatively parse the 2 changes (Wang et al., 2012; Lister et al., 2013). A crucial power of animal fashions
derives from their capacity to without delay evaluate significant and peripheral tissues to check capacity
correlations among the 2, which may also perceive capacity biomarkers reflective of mental characteristics in a
tissue this is to be had for a look at in human populations. Although numerous research has assessed the
concordance of DNA methylation styles among special tissues in humans, the correlation among tissues tends to
be instead low, highlighting the significance of reading each tissue in parallel. Other than tissue identity, mobile
kind heterogeneity inside tissue is the main driving force of DNA methylation styles. Therefore, we tried to
accurately, as a minimum partially, for cell heterogeneity amongst agencies via means of disposing of areas that
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have been related to the gene expression styles of primary mobile kinds within the mind—neurons, astrocytes,
and oligodendrocytes. However, we have been confined via means of using areas positioned inside genes, in
addition to the oblique utilization of transcriptomes, and accordingly couldn't be accurate for critical regulatory
areas that can be related to a mobile kind or be poised for activation, along with intergenic enhancers or
insulators. Furthermore, extra cell subtypes, along with glia, also are gifts within the hypothalamus and will
have encouraged the consequences acquired via variations in mobile-kind proportions. Although we did now no
longer stumble on any massive PAE-particular variations within the DNA methylation stages of mobile-kind
related peaks, it's far viable that the areas now no longer captured via way of means of this peak-primarily based
totally clear out may want to pressure the variations in neuronal and glial characteristic formerly determined
following PAE. As numerous protocols now exist to isolate mobile kind-particular nuclei from each frozen and
clean tissue sample, destiny research must try to reflect those findings in particular cell subtypes to tease aside
the function of DNA methylation in PAE-caused deficits.

By assessment, we measured the share of various WBC subtypes in an impartial cohort of animals. The
reality that we did now no longer discover any huge variations in WBC composition of entire blood amongst
organizations indicates that blood composition does now no longer power the DMRs diagnosed within the
tissue-concordant analysis. There is likewise a small opportunity that, as Ficoll-Paque is a fantastically technical
procedure, variations among WBC extractions should have inspired the proportions of cells analyzed within the
gift study. Additionally, it's viable that institution variations are probably exposed if cellular subtypes are in
addition subdivided via greater state-of-the-art strategies including fluorescence-activated cellular sorting. In
assessment to human research of DNA methylation, no bioinformatic gear exists to expect the share of various
cellular sorts the use of epigenomic profiles in rats, and destiny research needs to consider this. Nevertheless, we
correctly diagnosed numerous PAE-unique DMRs that confirmed the equal path of alternate among the 2
tissues, suggesting that those areas can be aware of ethanol throughout more than one tissue and might
constitute greater strong biomarkers of PAE. Finally, woman animals had been the primary awareness of this
epigenome-huge study, partly because of the huge sexual dimorphisms found throughout research of PAE and
FASD, in addition to the sizeable underrepresentation of girls in neurobiological, molecular, and genome-huge
research of FASD (Lussier et al., 2017). However, as within the majority of research using simplest male
subjects, this technique provides an essential caveat within the interpretation of our consequences, as ladies and
men frequently display sexually dimorphic responses to stress, disease, and different environmental factors,
showing variations in behavioral styles, HPA axis function/activation, immune device activity, neurogenesis,
and different physiological and cell features. In particular, the consequences of PAE at the growing organism
display marked sex-unique variations spanning cognitive and behavioral phenotypes, in addition to within the
differential susceptibilities to stressors and intellectual fitness problems throughout the lifespan. Given that
genetic and epigenetic styles are fantastically related to sex, studies on girls are crucial to our expertise of the
organic mechanisms underlying PAE (Zhang et al., 2011). Nevertheless, our findings need to additionally be
established in male animals to completely verify the consequences of PAE at the transcriptome and DNA
methylome and elucidate the sexually dimorphic consequences that could exist.

Summary and Conclusions:

Our consequences assist and appreciably expand preceding research indicating a position for DNA
methylation within the early-existence reprogramming of hypothalamic features via way of means of PAE, and
recommend that DNA methylation styles in WBC should doubtlessly be used as a surrogate for changes within
the principal frightened device. We diagnosed continual PAE-prompted changes to the DNA methylome of the
hypothalamus, inclusive of numerous DMRs that should, as a minimum in part, underlie a number of the deficits
found in FASD. Although PAE-prompted changes to DNA methylation profiles at any of that improvement a
while won't persist into adulthood, adjustments early in improvement should modify developmental trajectories
and set off lasting changes in mind structure, connectivity, and function, and/or top physiological structures to
extraordinary set-points. Of note, we display for the primary time that PAE-unique DMRs can arise
concordantly throughout principal and peripheral tissues, which doubtlessly constitute systemic consequences of
PAE at the epigenome and will function as an epigenetic biomarker or signature of FASD. Taken together, those
findings offer perception into the essential position of epigenetic changes with the brief and long-time period
deficits found in FASD and offer a basis for the improvement of strong biomarkers of PAE.
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