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Global DNA Methylation and Histone Posttranslational
Modifications in Human and Nonhuman Primate Brain in
Association with Prenatal Alcohol Exposure

Jessica S. Jarmasz, Hannah Stirton, Duaa Basalah, James R. Davie, Sterling K. Clarren,
Susan J. Astley, and Marc R. Del Bigio

Background: Based upon experimental animal studies, the neurodevelopmental abnormalities asso-
ciated with prenatal alcohol exposure (PNAE)/fetal alcohol spectrum disorder (FASD) have been
attributed, at least in part, to epigenetic modifications. However, there are no direct analyses of human
brain tissue.

Methods: Immunohistochemical detection of global epigenetic markers was performed on temporal
lobe samples of autopsied fetuses and infants with documented PNAE. They were compared to age-,
sex-, and postmortem delay-matched control cases (18 pairs; 20 to 70.5 weeks postconception). Tempo-
ral lobe tissue from a macaque monkey model of PNAE was also studied (5.7 to 6 months of age). We
used antibodies targeting 4 DNA cytosine, 4 histone methylation, and 6 histone acetylation modifica-
tions and assigned scores based upon the semiquantitatively graded intensity and proportion of posi-
tively labeled nuclei in the ventricular and subventricular zones, ependyma, temporal cortex, temporal
white matter, dentate gyrus (DG), and CA1 pyramidal layer.

Results: Temporal changes were identified for almost all marks according to the state of maturation
in the human brain. In the DG (and 3 other brain regions), a statistically significant increase in H3K9ac
was associated with PNAE. Statistically significant decreases were seen among SmC, H3K4me3,
H3K09ac, H3K27ac, H4K 12ac, and H4K 16ac in select regions. In the macaques, H3K36me3 decreased
in the DG, and the ependyma showed decreases in 5fC and H3K 36me3.

Conclusions: In human brain, global intranuclear epigenetic modifications are brain region and
maturation state-specific. These exploratory results support the general hypothesis that PNAE is associ-
ated with a global decrease in DNA methylation, a global decrease in histone methylation, and a global
increase in histone acetylation. Although the human and monkey subjects are not directly comparable
in terms of brain maturation, considering the rapid temporal changes in global epigenetic modifications
during brain development, interspecies comparisons may be extremely difficult.

Key Words: Acetylation, Methylation, Epigenetics, Human Brain, Prenatal Alcohol.

N ESTIMATED 10 to 15% of women in North Amer-
ica consume alcohol (ethanol) during pregnancy

and behavioral problems (Carson et al., 2010; Reynolds
et al., 2011). The global prevalence of FASD is estimated to

(Popova et al., 2017). Prenatal alcohol exposure (PNAE) is
associated with spontaneous abortion, sudden unexplained
death of an infant (SUDI), and fetal alcohol spectrum disor-
der (FASD). Individuals with FASD demonstrate neurode-
velopmental malformations, cognitive deficits, and social

be 7.7 per 1,000 people (Lange et al., 2017), and it is consid-
ered one of the most common causes of neurodevelopmental
abnormalities (Popova et al., 2012).

In individuals diagnosed with FASD, neuroimaging stud-
ies (MRI) have demonstrated a wide range of brain
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abnormalities including micrencephaly, abnormal gyral pat-
terns, corpus callosum abnormalities, cortical thinning, and
reductions in regional brain volume (e.g., basal ganglia, dien-
cephalon, and cerebellum; Donald et al., 2015; Jacobson
et al., 2017; Moore et al., 2014; Nardelli et al., 2011; Nor-
man et al., 2009). In our recent descriptive study of 174
human autopsy cases (fetuses, infants, children, teens, and
adults) with PNAE or FASD, we identified 31 cases with
micrencephaly, 6 cases with simple hydrocephalus, 6 with
corpus callosum defects, 5 with neural tube defects, 5 with
prenatal ischemic lesions, and 4 cases with heterotopias (Jar-
maszet al., 2017).

The pathogenesis of PNAE/FASD-associated brain
anomalies is not well understood. Many molecular studies in
animals suggest that epigenetic modifications are involved
(Chater-Diehl et al., 2017; Lussier et al., 2017). Epigenetics
includes a range of acquired and inheritable chemical modifi-
cations found within and surrounding (i.e., histones) the gen-
ome that influences gene expression without direct changes
to the nucleotide sequence of DNA (Feinberg, 2018). Epige-
netics plays a substantial role in DNA replication and tran-
scription, genomic imprinting, cellular differentiation, and
cell death. Epigenetic processes include chromatin remodel-
ing, RNA interference (micro RNAs), and covalent reversi-
ble chemical modifications to DNA (DNA cytosine
modifications) or to histones (posttranslational modifica-
tions—PTMs; Feinberg, 2018). Recent reviews have summa-
rized the epigenetic effects, mainly DNA methylation and
histone posttranslational modifications (PTMs), in the brains
of rodents exposed to alcohol in the pre- and postnatal (hu-
man third trimester equivalent) periods (Chater-Diehl et al.,
2017; Laufer et al., 2017; Lussier et al., 2017). For a sum-
mary of PNAE epigenetic studies that studied the brain
specifically, see Appendix S1.

Within the central nervous system, differentiation of neu-
ral stem/precursor cells into neurons, astrocytes, and oligo-
dendrocytes is epigenetically driven (Coskun et al., 2012;
Hirabayashi and Gotoh, 2010; Liu et al., 2016). For exam-
ple, neural genes are activated through histone acetylation,
whereas pluripotent genes and nonneural genes are repressed
through histone methylation and DNA methylation (Hira-
bayashi and Gotoh, 2010).

To the best of our knowledge, PNAE-associated epige-
netic changes have not been directly assessed in human
brain tissue. In this study, temporal lobe and hippocam-
pus samples from 18 prenatal alcohol-exposed fetuses and
infants who had undergone autopsy (Jarmasz et al., 2017)
were compared to age-matched controls using immunohis-
tochemical detection of 4 DNA cytosine modifications, 4
histone methylation modifications, and 6 histone acetyla-
tion modifications. In parallel, we studied the temporal
lobes from macaque monkey infants that had been
exposed in utero to alcohol (Clarren et al., 1987, 1990).
We hypothesized that PNAE is associated with global
epigenetic changes that persist postnatally in the nuclei of
brain cells.

JARMASZ ET AL.

MATERIALS AND METHODS

Human Autopsy Cases

Ethics approval was obtained from the University of Manitoba
Research Ethics Board (#HS1311 — H2011:213). Details of the full
PNAE/FASD autopsy cohort (N = 174) were described previously
(Jarmasz et al., 2017). Because our hypothesis concerns epigenetic
changes associated with PNAE, and because epigenetic changes can
occur during postnatal life (Kundakovic and Champagne, 2015), we
restricted our study to fetuses and infants <1 year. Exclusion criteria
were as follows: documented in utero alcohol consumption by the
mother in the clinical history of the autopsy report (see Jarmasz
et al,, 2017; for more details), no availability of formalin-fixed
paraffin-embedded (FFPE) brain sample(s), extensive autolysis of
brain tissue, severe hypoxic damage, cases dated <1988 (inconsistent
FFPE), known gene mutations or chromosomal abnormalities,
major brain malformations, bacterial meningitis, and a postmortem
delay (PMD) > 48 hours. In our recent study, a PMD of >48 to
72 hours in pig and mouse brain tissue had adverse effects on his-
tone acetylation marks (Jarmasz et al., 2019). When these histone
acetylation marks were tested in a human brain microarray contain-
ing brain samples with PMDs of 96 and 120 hours, stability was
>96 hours (Jarmasz et al., 2019). Age- and sex-matched controls
were selected from the same autopsy database. Sex matching is
important because there are documented differences in brain size,
neurological disease prevalence, epigenetics, and stress response
(Dekaban, 1978; Kigar and Auger, 2013; Menger et al., 2010; Shen
et al., 2015). Inclusion criteria for age- and sex-matched controls
were as follows: The case year had to be accrued within 10 years of
the PNAE case, suffered little to no brain trauma, had no brain
abnormalities, had no clinical history of prenatal alcohol or drug
exposure, and had a PMD of <48 hours. A recent fetal case not
described in the previous publication (Jarmasz et al., 2017) was
included because the documented PNAE exposure was high despite
not meeting the <48-hours PMD inclusion criteria. The PNAE
cohort consisted of 9 fetuses or premature births with gestational
age < 42 weeks and 9 infants age 43 to 70.5 weeks PC, along with
controls. PNAE cohort epidemiologic and pathologic details are
described in Table 1. PNAE and control pairings are described in
Table 2. FFPE medial temporal lobe blocks stored at the pathology
department (Health Sciences Centre, MB) were cut by microtome (5
to 6 um thick) and mounted onto charged slides for immunohisto-
chemistry.

Nonhuman Primate PN AE Brains

The Macaca nemestrina PNAE study was conducted in the 1980s
(Bonthius et al., 1996; Clarren et al., 1987, 1988, 1990; Sheller et al.,
1988), in compliance with University of Washington Administrative
Policy for the humane treatment of animals used in research.
Briefly, 48 pregnant adult female pig-tailed macaques received once-
weekly nasogastric doses of ethanol ranging from 0.3 to 4.1 g/kg
bodyweight; the highest dose is roughly equivalent to 16 standard
distilled liquor drinks in a human (i.e., a binge exposure). High
doses (2.5, 3.3, and 4.1 g/kg weekly) of alcohol were started at 33 to
46 days of gestation, rather than the time of fertilization, to reduce
the risk of spontaneous abortion (Clarren et al., 1987). Controls
received isocaloric sucrose. Thirty-three viable infants were born
and subsequently assessed for overall health and features of the fetal
alcohol syndrome phenotype (Clarren et al., 1988). The monkeys
were killed at 5.7 to 7.2 months of age (Clarren et al., 1990), which
is the human brain development equivalent of 2.7 to 3.5 years of
age (http://translatingtime.org/translate). The cerebral hemispheres
were bisected along the midsagittal plane and further dissected to
produce multiple brain regions of interest for various studies. The
right hemisphere was placed in 10% neutral buffered formalin for
neuropathological study. After fixation (duration not documented),
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1148 JARMASZ ET AL.
Table 2. Alcohol-Exposed Human Fetuses and Infants with Paired Control Cases
Prenatal alcohol exposed Age-, Sex-, and PMD-matched controls
Case PMD Age (PC PMD Age (PC
no. Sex  (hours) weeks) Cause of death (hours) weeks) Cause of death
1 F 24 20 weeks Stillborn/intrauterine death <24 21 weeks Stillborn/intrauterine death with
placental abnormalities
2 F 24.5 21.5 weeks  Stillborn/intrauterine death 215 22 weeks®  Intrapartum death: prematurity
3 M 7t08.5 27 weeks Stillborn/intrauterine death 22 25 weeks Stillborn/intrauterine death with
placental abnormalities
4 F 49 29 weeks Stillborn/intrauterine death ~24 31 weeks Stillborn/intrauterine death with
placental abnormalities
5 M ~24 34 weeks Stillborn/intrauterine death with 56.5 33 weeks Prematurity with pulmonary hypoplasia
malformation(s)
6 F 107 34 weeks®  Intrapartum death: prematurity and 48 34 weeks®  Intrapartum death: prematurity and
malformation(s) malformation(s)
7 M 48 36 weeks Stillborn/intrauterine death ~1to5 37.5 weeks  Stillborn/intrauterine death
8 F 33 40 weeks Stillborn/intrauterine death with 32 38 weeks Stillborn/intrauterine death
placental abnormalities
9 M 39 41 weeks Stillborn/intrauterine death ~39t049 40 weeks Stillborn/intrauterine death
10 M 28 43 weeks Bacterial/viral infection 241030 43 weeks SUDI due to unsafe sleeping
environment
11 F 20 43.5 weeks SUDI due to unsafe sleeping 49 44 weeks Asphynxiation due to accidental
environment smothering
12 M 21 46 weeks Malformations/congenital anomalies 26 46 weeks SUDI due to unsafe sleeping
environment
13 F 12 48 weeks Malformations/congenital anomalies 24 48 weeks SuUDI
14 M 25t035  48.5 weeks SUDI due to unsafe sleeping 47t053  48.5 weeks SUDI due to unsafe sleeping
environment environment
15 M 26 53 weeks SuDI 36 53 weeks SuUDI
16 F 35t07.5 57.5 weeks SUDI ~24 57.5 weeks SUDI
17 F 8 66 weeks SUDI 241036 64 weeks SUDI due to unsafe sleeping
environment
18 M 19.5 70.5 weeks SUDI 32t034  70.5 weeks Accidental positional asphyxiation

F, Female; M, Male, PC, Postconception; PMD, Postmortem delay; SUDI, Sudden unexplained death of an infant.

aLiveborn; died within minutes to hours of birth.

the hemisphere was divided into 5 mm coronal slices and embedded
in paraffin (Clarren et al., 1990). Blocks of FFPE tissue, which had
been archived at the University of Washington, were transferred to
the senior author’s (MRD) laboratory. The available samples con-
sisted of 6 to 8 coronal slices of 1 cerebral hemisphere extending
from the occipital lobe tip to the frontal lobe at the level of the pos-
terior striatum. In all cases, at least 1 slice included temporal lobe,
hippocampus, thalamus, and posterior putamen. Because the paraf-
fin was brittle, tissue blocks of interest were heated at 60°C for
30 minutes and reembedded in new paraffin. We used only the 3
highest PNAE levels (2.5, 3.3, and 4.1 g/kg; N = 6) along with con-
trols (sucrose exposure only; N = 5; Appendix S2).

Antibodies to Epigenetic Modifications

We selected antibodies that detect epigenetic modifications
known to occur in the brain, and/or have been reported to be
affected by alcohol exposure in the prenatal, postnatal immature, or
adult periods in either human brain cell lines or rodent brains (Cha-
ter-Diehl et al., 2017; Laufer et al., 2017; Lussier et al., 2017). These
include 5-methylcytosine (5mC), 5-hydroxymethylcytosine (ShmC),
S-formylcytosine (5fC), S-carboxycytosine (ScaC), histone trimethy-
lated at lysine 4 (H3K4me3), H3K9me2/K9me3, H3K27me3,
H3K36me3, histone acetylated at lysine 9 (H3K9ac), H3K 14ac,
H3K27ac, H4K5ac, H4K12ac, and H4K16ac. We also included
antibodies targeting total histone H3 and H4, as well as pan-acetyl
H3 and H4. Rationale for inclusion of DNA /histone modifications
in this study and technical details of the epigenetic antibodies are
presented in Appendix S3 and Table 3. Antibody specificity and

epitope tolerance to postmortem degradation is described in detail
in a recent publication (Jarmasz et al., 2019).

Immunohistochemistry

Human and macaque brain tissue sections (5 to 6 um thickness)
were subjected to immunohistochemistry, which is described in
detail in a recent publication (Jarmasz et al., 2019). Optimal pri-
mary antibody concentration was determined by running a series of
dilutions greater and less than the manufacturers’ suggestions
(Appendix S4). Briefly, paraffin was melted at ~60°C, and tissue
samples were rehydrated through multiple xylenes and graded etha-
nol solutions (100, 90, and 75%). Slides were subjected to antigen
retrieval, as well as endogenous peroxidase blocked before incuba-
tion with 10% serum. The primary antibody was applied, followed
by application of the secondary antibody, followed by application
of peroxidase-conjugated streptavidin (with multiple 4-minute
washes in-between each application). DAB (3,3’ diaminobenzidine)
chromogen was used to develop the slides. The slides were counter-
stained with Harris hematoxylin solution, dehydrated through
graded ethanol and multiple xylene solutions, coverslipped with Per-
mount, and left to air-dry overnight.

Imaging of Immunohistochemical Results

Human and macaque slides were imaged using a standard
upright microscope with digital camera (Olympus BX51TRF micro-
scope, Olympus Scientific Solutions, Waltham, MA; Qimaging 32-
0110A-568 MicroPublisher 5.0, Model LHI00HG, Teledyne
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Table 3. Details and Sources for the Antibodies to Epigenetic Marks
Antibody Immunogen/target Isotype  Species Type Company details Lot no.
5mC Recognizes 5-methylcytidine in vertebrate DNA  IgG Mouse  Monoclonal (clone 33D3)  Active Motif, 24516019
#39649
5hmC Raised against 5-hydroxymethylcytosine Serum Rabbit  Polyclonal Active Motif, 06116002
conjugated to KLH #39769
5fC Raised against 5-formylcytidine conjugated to Serum Rabbit  Polyclonal Active Motif, 34711001
KLH #61223
5caC Raised against 5-carboxycytosine conjugated Serum Rabbit  Polyclonal Active Motif, 32115002
to KLH #61225
H3K4me3 Raised against a peptide including trimethy!- Serum  Rabbit  Polyclonal Active Motif, 12613005
lysine 4 of histone H3. #39159
H3K9ac Synthetic peptide corresponding to Human 1gG Rabbit ~ Polyclonal Abcam, GR287797-1
Histone H3 aa 1-100 (N-terminal) (acetyl K9) #ab10812
conjugated to KLH
H3K9me2, Synthetic peptide within human histone H3 1gG1 Mouse  Monoclonal Abcam, GR117765-1
K9me3 aa1-100 (tri methyl K9); exact sequence is (clone 6F12-H4) #ab71604
proprietary
H3K14ac Synthetic peptide within human histone H3 1gG Rabbit ~ Monoclonal (clone Abcam #ab52946 GR302893-8
(acetyl K14); exact sequence is proprietary. EP964Y)
H3K27ac Synthetic peptide corresponding to human 1gG Rabbit ~ Polyclonal Abcam, #ab4729  GR288020-1
histone H3 aa 1-100 (acetyl K27) conjugated
to KLH
H3K27me3 Synthetic peptide within human histone H3 aa 1gG Mouse  Monoclonal Abcam, #ab6002 GR275911-7
1-100 (tri methyl K27) conjugated to KLH; (clone 6002)
exact sequence is proprietary
H3K36me3 Synthetic peptide within human histone H3 aa 19G Rabbit  Polyclonal Abcam, #ab9050 GR3177961-
1-100 (tri methyl K36) conjugated to KLH; 1
exact sequence is proprietary
H4K5ac Synthetic peptide within human histone H4 aa 1gG Rabbit ~ Monoclonal (clone Abcam, GR295999-7
1-100 (N-terminal) (acetyl K5); exact EP1000Y) #ab51997
sequence is proprietary
H4K12ac Synthetic peptide corresponding to human 1gG Rabbit ~ Polyclonal Abcam, GR325039-3
histone H4 aa 10-15 (acetyl K12) #ab61238
H4K16ac Synthetic peptide corresponding to human 1gG Rabbit ~ Monoclonal (EPR1004) Abcam, GR187780-8
histone H4 (acetyl K16); exact sequence is #ab109463
proprietary
H3panAc Peptide including acetyl-lysines contained in 1gG Rabbit ~ Polyclonal Active Motif, 28915002
the N-terminal tail of human histone H3 #61637
Total H3 Peptide containing the N-terminus of histone IgG2b  Mouse  Monoclonal Active Motif, 34614001
H3. (clone MABIO301) #39763 5217020
Total H4 Synthetic peptide containing human histone IgG2b  Mouse  Monoclonal (clone Active Motif, 7715006
H4. MABI0400 #61521

KLH, keyhole limpet hemocyanin.

Qimaging, Surrey BC, Canada). Images were captured at 40x,
200x, or 400x total magnification using QCapture software (v2.8.1,
2001 to 2005, Qimaging Corp., Teledyne Qimaging, Surrey BC,
Canada). The dentate gyrus (DG), CAl neurons of the hippocam-
pal formation (CA1), ependymal cells along the floor of the tempo-
ral horn of the lateral ventricle, temporal neocortex (CX) in the
parahippocampal gyrus, and temporal white matter (WM) were
evaluated. In human fetuses 34 weeks and younger, the germinal
region along the roof of the lateral ventricle, including the ventricu-
lar zone (VZ) and subventricular zones (SVZ), was also evaluated.
Two previously validated (Jarmasz et al., 2019) semiquantitative
scales were used to score the estimated proportion of immunoreac-
tive nuclei (graded 0 to 4; corresponding to approximately 0, 25, 50,
75, and 100% positive) and the graded intensity of immunoreactiv-
ity in comparison with a standard image set (graded 0 to 3.5 in 0.5
steps; see Additional file 13, in Jarmasz et al., 2019). Morphologic
features of nuclei were used as a surrogate for probable brain cell
type. Cells with large round nuclei and prominent nucleoli were con-
sidered as probable neurons; cells with medium-sized round or irreg-
ular nuclei were considered probable astrocytes (in WM) or possible
small neurons in cortex; cells with small round nuclei were consid-
ered probable oligodendrocytes; cells with small elongated and

irregular nuclei were considered probable microglia; cells with small
elongated smooth-contoured nuclei near a vascular lumen were con-
sidered endothelial; and cells wrapping vascular endothelia were
considered to be smooth muscle. First, control cases were examined
in order to establish a general developmental pattern of expression
for the epigenetic marks. Second, matched pairs of control and
PNAE cases were compared in all brain regions. Not all epigenetic
marks were evaluated in every single case. For example, focal tissue
damage or imperfections in the immunostaining would preclude
proper evaluation. The immunoreactivity scores (proportion and
intensity grades) for every brain region were recorded in a Microsoft
Excel spreadsheet.

Statistical Analyses

The multiplied proportion and intensity scores were graphed as a
function of age for each anatomical region and presented as bar
graphs using Microsoft Excel (Y-axis = total multiplied rank, X-
axis = postconce}ption age in weeks). Third-order polynomial trend-
lines (v = (ms*x> + my*x> + my*x) + b) were superimposed to the
graphed values to depict the general pattern of developmental
expression for each epigenetic mark. PNAE data curves were added
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Fig. 1. Examples of human control and PNAE immunostaining scores
with third-order polynomial curve fit with R? values. The gray bars and
black solid curve represent controls, and the red bars and dotted curve rep-
resent PNAE cases. The Y-axis shows the semiquantitative scores, which
is the product of intensity and distribution scores multiplied (maximum
score of 14). The X-axis is the postconception age in weeks.

to highlight possible differences (Fig. 1). Goodness of fit (R%) is
shown on the graphs; the average R* value was 0.5352 + 0.0246
(mean R> + SEM) for controls and 0.5575 + 0.0254 for PNAE.
However, because the data represent 2 biologically different popula-
tions (i.e., stillborn fetuses with uncertain postmortem in utero con-
ditions vs. liveborn infants) a formal polynomial regression fit to
compare the curves is likely not valid. Data were subjected to multi-
ple paired r-test (2-tailed) comparisons (JMP 14.1 statistical soft-
ware; SAS Institute, Cary, NC) within 6 age clusters: 21 to 25 weeks
PC (n = 3 pairs) and 31 to 34 weeks PC (n = 3 pairs) for the VZ
and SVZ; 21 to 25 weeks PC (n = 3 pairs; early fetus), 31 to
40 weeks PC (n = 6 pairs; late fetus), 43 to 48.5 weeks PC (n = 5
pairs; young infant), and 53 to 70.5 weeks PC (n = 4 pairs; infants)
for all remaining brain regions. As recommended for exploratory
research, all p values are reported without correction for multiple
tests (13 antibodies, 5 brain loci), acknowledging that p values mar-
ginally <0.05 should be interpreted with caution (Bender and Lange,
2001; Cipriani et al., 2015).

For the macaque brains, images were scored as described above.
The Wilcoxon Rank Sums test with chi-square approximation
(Kruskal-Wallis) was used to compare control and PNAE groups
for each location and each antibody (JMP 14.1 statistical software;
SAS Institute). The p values were manually adjusted using the Ben-
jamini-Hochberg formula (Benjamini and Hochberg, 1995): ((i/m)
*Q) and a false discovery rate (FDR) of 0.1. Those p values that did
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not remain significant after the Benjamini-Hochberg correction but
were still below 0.05 are reported as trends.

RESULTS

General Observations Concerning Immunohistochemical
Labeling of Histone Modifications

Most of the antibodies yielded strong and consistent
immunolabeling in both human and monkey tissues. We had
originally intended to study antibodies targeting total histone
H3, total histone H4, pan-acetyl histone H3, pan-acetyl his-
tone H4, H3K9me2, and H3K27me2. For total histone H3
and H4 antibodies, we expected the antibodies to label virtu-
ally every nucleus at all stages of maturation. Surprisingly,
this was not the case (Appendix S5: Fig. 1). Similarly, we
expected that histone H3 and H4 pan-acetyl antibodies
would label more cells than any antibody targeting a single
acetylated lysine. However, the proportion of cells labeled by
anti-pan-acetyl histone H3 and H4 was much less than that
labeled by single acetylation marks (Appendix S5: Fig. 1).
Consequently, results of these are not reported. The
H3K27me2 antibody binding was not blocked by the appro-
priate peptides. We were unable to get satisfactory cell label-
ing using the H3K9me?2 antibody.

Developmental Expression of Epigenetic Modifications in
Control Human Brain

Graphic representations of the human control and PNAE
results are shown in Figs 2-6. Polynomial curves were fitted
to the data for all location/epitope combinations; they pro-
vide a convenient way for visualizing and comparing the data
sets.

Ventricular and Subventricular Zones

Developmental expression of epigenetic marks in the VZ
varied considerably; 7/13 epigenetic marks (5SmC, ShmC,
H3K36me3, H3K9ac, H3K 14ac, and H4K5ac) exhibited a
“U-" shaped expression curve prior to disappearance of the
VZ at 31 to 34 weeks (Figs 2-5, 7; Appendix S5: Fig. 2).
Note, however, that the sample sizes are small so we cannot
be certain that the transient decline is real. In the SVZ, most
marks started at low levels and increased with gestational
age (5caC, H3K4me3, H3K36me3, H3K9ac, H4K Sac, and
H4K12ac) (Figs 2-5; Appendix S5: Fig. 2). Within the SVZ,
an anatomical gradient was evident for SmC, H3K4me3,
H3K36me3, H3K9%9ac, H3Kl4ac, H3K27ac, H4KS5ac,
H4K12ac, and H4K 16ac; in the youngest fetuses, only the
SVZ adjacent to the VZ was positive, followed by spreading
to involve the entire SVZ prior to involution. Within the
SVZ, there are different progenitor cell types (Rushing and
Ihrie, 2016); however, they could not be easily distinguished
due to similarity in size and morphology.
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Fig. 2. Graphic representation of semiquantitative score values (maximum 14; Y-axis) for DNA cytosine maodifications in the human brain regions
assessed. The black curve represents the control cases, and the red dotted curve represents PNAE. Curve fit values (RP) are also shown. The X-axis rep-
resents the postconception age in weeks. The ventricular (VZ) and subventricular zones (SVZ) are only present in fetal cases up to 34 weeks’ gestation.
In the VZ and SVZ, 5mC levels were highest, while 5hmC, 5fC, and 5caC levels were low. In the other brain regions, 5mC, 5hmC, and 5caC (white matter
only) show a gradual increase, peaking at birth, followed by a plateau or decrease. Although the control and PNAE curves diverged in some circum-
stances, only 5mC in the CA1 sector of the early fetal PNAE group showed a statistically significant decrease (p = 0.0198).

Brain Surface and Temporal Neocortex

Most epigenetic mark antibodies strongly labeled a nar-
row band of cells along the external surface from the earliest
age studied (21 weeks; Fig. 8). This likely represents the mar-
ginal zone progenitor layer (Costa et al., 2007). The excep-
tions were anti-5SmC and anti-5hmC, which showed only
faint immunoreactivity in this location. In increasing matu-
rity in fetal brains, epigenetic marks expressed in the cortical
mantle tended to progress to increasing depths from the sur-
face. Brain cell types were distinguishable through morphol-
ogy with increasing age. Within the 5th and 6th cortical
layers, all but 4 epigenetic marks (5fC, 5caC, H3K 14ac, and
H4K16ac) demonstrated ~75 to 100% positive staining
among large (presumably neuronal) and intermediate-sized
nuclei. In WM, small round (presumably oligodendroglial)
nuclei demonstrated low positive proportions (<50%) in the
fetuses. In the infant cases, all marks except H3K4me3,
H3K27ac, and H4K 12ac increased to include ~50 to 100%
of the presumptive oligodendrocytes. Epigenetic mark
immunoreactivity varied considerably in presumed micro-
glial nuclei. Active transcription marks (H3K4me3,
H3K36me3, H3K27ac, H4K 5ac, and H4K 12ac) were most
strongly expressed. Vascular endothelial cells and arterial

smooth muscle cells had a seemingly random mix of positive
and negative cells for most marks; the exceptions were
almost uniform negativity for SmC, 5ShmC, 5fC, 5caC, and
H4K 16ac (Appendix S5: Fig. 3). Almost every antibody
labeled choroid plexus epithelial cell nuclei (Appendix S5:
Fig. 3).

White Matter

In presumed oligodendrocytes (small round nuclei), most
epigenetic marks were more widespread and more strongly
immunoreactive in infants than in fetuses; exceptions were
H3K27me3, H3K27ac, and H4K12ac, which decreased in
infancy. Among larger irregular (presumed astroglial) nuclei,
H4K5ac and H4K 12ac were expressed in ~100% of cells at
all ages examined. All other epigenetic marks were present in
a minority (~0 to 50%) of cells during the fetal stages and
increased to a ~50 to 100% in infancy. Among the few very
large nuclei of presumed WM neurons, stable immunoreac-
tivity was seen for all epigenetic marks except for 5fC, ScaC,
H3K14ac, and H4Kl16ac, which were negligible in early
fetuses (21 to 25 weeks PC) but attained positivity in infancy
(5310 70.5 weeks PC).
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Fig. 3. Graphic representation of semiquantitative score values (maximum 14; Y-axis) for histone H3 methylation marks in the human brain regions
assessed. The black curve represents the control cases, and the red dotted curve represents PNAE. Curve fit values (R?) are also shown. In the control
VZ, H3K4me3 was relatively stable while the other 2 declined with maturation. In the control SVZ, H3K27me3 was relatively stable while the other 2
increased with maturation. In all other brain regions, most of the marks showed a slight peak near birth. The exception was H3K36me3, which showed a
steady increase in the DG and CA1 neurons. None of the histone methylation mark differences were statistically significant between PNAE and controls.
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Fig. 4. Graphic representation of semiquantitative score values (maximum 14; Y-axis) for histone H3 acetylation marks in the human brain regions
assessed. The black curve represents the control cases, and the red dotted curve represents PNAE. Curve fit values (R?) are also shown. In the VZ and
SVZ, H3K9ac and H3K14ac tended to increase with maturation while H3K27ac tended to decline. In the other brain regions, all of the marks tended to
increase during the fetal period. Some differences were observed in association with PNAE. In the cortex, H3K9ac (p = 0.0202) and H3K27ac
(p = 0.0229) were lower in young infants with PNAE. In the white matter, H3K9ac was lower (p = 0.0377) in the early fetal PNAE group compared with
controls. In the dentate gyrus, H3K9ac was higher (p = 0.0352) in young PNAE infants. In the CA1, H3K27ac was lower (p = 0.0414) in PNAE infants.

Dentate Gyrus Neurons and Pyramidal Neurons of
Hippocampal CAI Region

In human fetuses, granular neurons of the DG were ~50 to
75% positive for all epigenetic marks except for H3K27ac

and H4K5ac, which were ~100% positive; the latter 2 are
marks of active transcription. Almost all epigenetics marks
increased in infancy except for ShmC, 5fC, H3K4me3, and
H4K 5ac, which remained consistent. The proportion of CAl
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Fig. 5. Graphic representation of semiquantitative score values (maximum 14; Y-axis) for histone H4 acetylation marks in the human brain regions
assessed. The black curve represents the control cases, and the red dotted curve represents PNAE. Curve fit values (R?) are also shown. In the VZ and
SVZ, H4K5ac tended to increase with maturation. In the other brain regions, most marks tended to increase during the fetal period and decrease during
infancy. H4K16ac was significantly lower in the dentate gyrus (p = 0.0339) of young infants with PNAE.

pyramidal neurons immunoreactive for 5fC, 5caC,
H3K14ac, and H4K16ac was low (~25 to 50%), while all
other epigenetic marks were expressed in the majority of cells
(~75 to 100%). Immunoreactivity for most epigenetic marks
remained consistent from the fetal period to infancy. Excep-
tions were SmC, 5fC, H3K4me3, H3K9ac, H3K 14ac, and
H4K 16ac, which all increased (H4K 16ac went from ~25% to
~100%).

Temporal Lobe Ependymal Cells

For most epigenetic marks, nuclei of the temporal horn
ependymal cells started at ~25 to 50% positive in fetuses and
increased to ~75% positive in infants.

Differential Expression of Epigenetic Marks Between Brain
Cell Types (see Appendix S6)

In control and PNAE cases, all epigenetic marks except for
5fC, 5caC, H3K9ac, H3K 14ac, and H4K 16ac were identified
in essentially all brain cell types. During the fetal period,
almost all epigenetic marks were preferentially expressed in
more mature cells that could be identified as neurons. ShmC
and H4K 16ac appeared to be relatively specific to large hip-
pocampal and cortical neurons. For 5mC, 5hmC,
H3K27me3, H3K36me3, H3K9ac, and H4K 16ac, the dentate
neurons demonstrated a maturation gradient, where more
mature nuclei distant from the germinal layer (i.e., distant
from CA4 sector of the hippocampus) were positive, while less
mature nuclei near the germinal layer were negative.

Comparison of Epigenetic Marks in Control and PNAE
Brains

Statistical comparisons between human control and
PNAE pairings are summarized in Table 4. In the young
fetuses, the VZ of PNAE cases had less H4K 16ac immunore-
activity than controls (p = 0.0039). The temporal cortex (a
mix of neurons and glial cells) of young infant PNAE cases
had less H3K9ac (p = 0.0202) and H3K27ac (p = 0.0229)
immunoreactivity than controls (Fig. 9). For both marks,
the difference was reflected in intensity for all cell types, and
specifically a loss of immunoreactivity in small round nuclei
(presumably oligodendrocytes) for H3K27ac (Fig. 9).
H3K9ac showed less immunoreactivity in PNAE WM
(p = 0.0377; Fig. 10) and among the ependyma cells of the
young fetuses (p = 0.0198; Fig. 11). Ependymal cells also
exhibited decreases in intensity for H3K4me3 (p = 0.0234)
and a decrease in the number of positive nuclei for H3K27ac
(p = 0.0142) in the early fetal age group (Fig. 11). In the DG
neurons of young infants, an increased intensity was
observed for H3K9ac (p = 0.0352) (Fig. 10), and a decreased
intensity was seen for H4K16ac. In the CAl neurons of
PNAE cases, a smaller proportion were 5SmC positive
(»p =0.0198) and reduced immunoreactivity was seen for
H3K27ac (p = 0.0414). Overall, H3K9ac exhibited a notable
difference in 4 of the 7 brain regions studied and appeared to
be the only epigenetic mark affected by PNAE in both the
human fetal and infant groups (Figs 9-11).

In the macaque brains, there were few statistically signifi-
cant differences between the control and PNAE samples
(Table 5). In the DG neurons of the PNAE group,
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Fig. 6. Graphic representation of semiquantitative score values (maxi-
mum 14; Y-axis) in the human temporal ependyma. The black curve repre-
sents the control cases, and the red dotted curve represents PNAE. Curve
fit values (RP) are also shown. In the early fetal age group, H3K4me3
(p = 0.0234), H3K9ac (p = 0.0198), and H3K27ac (p = 0.0142) were all
significantly lower in PNAE compared with controls.

H3K36me3 exhibited less immunoreactivity (p = 0.0054)
(Fig. 12). Decreases were observed among the epigenetics
marks 5fC (p = 0.0077) and H3K36me3 (p = 0.0058) in the
temporal lobe ependyma (Appendix S7).

DISCUSSION

Epigenetic modifications play an important role in brain
development, guiding the specification, differentiation, and
maturation of neural progenitor cells (NPCs). NPCs in the
mouse neural tube gain 5SmC during specification, gain
ShmC during differentiation, and then lose SmC in the later
stages of maturation (Zhou, 2012). Similarly, in dentate
granule neurons of the developing mouse hippocampus, a
methylation gradient correlates with the outside-in pattern of
neuronal maturation (Chen et al., 2013). Studies of rat and
mouse brains have demonstrated associations between devel-
opment and histone PTM changes (Cho et al., 2011; Hahn
et al., 2013; Podobinska et al., 2017; Resendiz et al., 2014;
Zhang et al., 2012). In order for stem cells to change from
totipotency to pluripotency, active histone PTMs are present
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Fig. 7. Photomicrographs showing 5-methylcytosine (5mC) immunore-
activity in human ventricular (VZ) and subventricular zones (SVZ). In con-
trols, most cells of the VZ are strongly positive until it is replaced by the
ependymal layer at 31 to 34 weeks. Immunoreactivity in the SVZ
increased slightly with fetal maturation. In PNAE cases, 5mC was slightly
greater than in controls. Images were taken at 200x magnification. DAB
detection of antibody (brown) with hematoxylin counterstain (blue). The
postconception age in weeks (w) is indicated for each panel. V = ventricle.

on gene promoters such as H3K27ac and H3K4me3. After
NPCs begin to differentiate, many gene promoters are in a
bivalent (poised state) with repressive histone PTMs such as
H3K27me3 and activating histone PTMs such as H3K4me3
dually expressed, allowing them to rapidly turn on and off.
When a brain cell is fully differentiated, repressive histone
PTMs such as H3K27me3 are typically dominant (Podobin-
ska et al., 2017). H3K4me2 and histone acetylation levels
increase during differentiation of mouse NPCs (Resendiz
et al., 2014; Zhang et al., 2012). Compared to NPCs, mature
mouse cortical neurons are enriched in histone acetylation
marks (Cho et al., 2011). Corresponding to findings in devel-
oping rodent brains, regulatory processes are reflected in our
developmental expression graphs. For example, in hip-
pocampal CAl neurons, which can be identified without
ambiguity, H3K27me3 (repressive) demonstrates a gradual
increase during the fetal period (differentiation), followed by
a gradual decrease during infancy. In contrast, H3K27ac (ac-
tivating) demonstrated a gradual increase during infancy.
These findings suggest that human hippocampal neurons
have not reached genetic maturity in infancy, which is
entirely consistent with observations that neuron size
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Fig. 8. Photomicrographs showing immunoreactivity for 4 epigenetic
marks at the surface of temporal neocortex from normal human fetuses.
The narrow band of immature marginal zone cells (red arrows) is positive
for H3K4me3, H3K27ac, and H4K5ac, and negative for 5mC. Cells in dee-
per, more differentiated, layers of the cortex show mixed immunoreactivity.
Images were taken at 20x (upper panels) and 200x (lower panels) magni-
fications. DAB detection of antibody (brown) with hematoxylin counterstain
(blue). The gestational age in weeks (w) is indicated in each panel.

increases between 9 months and 16 years (Arnold and Tro-
janowski, 1996) and that synaptophysin accumulates in the
CA1 sector throughout childhood and teenage years (East-
wood et al., 2006). However, because these immunohisto-
chemical methods detect global (i.c., the average of 1,000s of
gene loci) changes, we cannot infer specific functional
changes with respect to any particular gene.

The VZ and SVZ, which collectively form the germinal
matrix, in simplest terms give rise to glutamatergic and
GABAergic interneurons, respectively (Adle-Biassette et al.,
2018; ten Donkelaar, 2000). The SVZ also gives rise to pre-
cursors of astrocytes and oligodendrocytes. The size and pro-
liferative activity within the SVZ peak between 20 and
26 weeks of gestation (Del Bigio, 2011), followed by rapid
involution to 30 to 32 weeks and more gradual disappear-
ance thereafter (Arshad et al., 2016). The proliferation peak
in the temporal lobe is earlier (M. R. Del Bigio; unpublished
findings). Our graphs of epigenetic PTMs suggest global
increases in SVZ cell expression of H3K4me3, H3K9ac, and
H4K 5ac (which are all associated with active gene transcrip-
tion) around the time of involution prior to 34 weeks gesta-
tion when the cells are leaving the proliferative stage. In the
VZ of midgestation human fetuses studied here, PNAE was
associated with reduced H4K 12ac. However, in the SVZ no
significant changes were observed. Ethanol has profound
effects on the on survival and proliferation of NPCs
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(Boschen and Klintsova, 2017; Resendiz et al., 2014; Smith
et al., 2014; Wilhelm and Guizzetti, 2016). This toxicity
could account for the microcephaly in FASD (De La Monte
and Kiril, 2014; Jarmasz et al., 2017).

Among CALl neurons of the fetal hippocampus, PNAE
was associated with reduced immunoreactivity for 5mC,
which is typically a gene transcription silencer. Within tem-
poral cortex and hippocampus of young infants, we observed
differential expression of several epigenetic marks in associa-
tion with PNAE. The affected histone marks all play a role
in active gene transcription. In experimental animals, most in
utero and postnatal alcohol exposures caused a decrease in
DNA methylation, a decrease in histone methylation, and an
increase in histone acetylation (Chater-Diehl et al., 2017,
Laufer et al., 2017; Lussier et al., 2017). These are in partial
alignment with our results.

Because rodent brains are relatively immature at birth,
many experiments use early postnatal alcohol administration
to model late gestation human in utero exposure. Hippocam-
pal and neocortical tissue from mice and rats that received
alcohol during postnatal days 1 to 11 had increases in global
DNA methylation, H3K4me3, H3K9me2, H3K27me2, and
H3K27me3 (Chater-Diehl et al., 2016; Otero et al., 2012;
Subbanna et al., 2013, 2014) and decreases in H3K9me2 and
H3K27me2 (Subbanna et al., 2013). These results do not
coincide with our findings. Discrepancies may be due to
brain-specific interspecies differences or the absence of the
maternal influences (i.e., maternal and placental metabolism)
in the postnatal rodent experiments (Burd et al., 2007). In 1
recent study, mice were injected with ethanol (2.5 g/kg) on
postnatal day 7 and euthanized ~8 h later. Global DNA
methylation was decreased in the hippocampus and the cor-
tex of ethanol-treated mice when compared to saline-treated
mice (Nagre et al., 2015). This correlates with our findings in
early fetuses despite the use of different methods. We must
point out, however, that we do not know the interval
between PNAE and fetal death.

In the absence of overt morphologic abnormalities, we
observed several changes in epigenetic marks among the
mature ciliated ependymal cells in both human and macaque
PNAE. H3K4me3, H3K9ac, and H3K27ac were signifi-
cantly reduced in humans, while 5fC and H3K36me3 were
significantly reduced in macaques. The ependyma serves sev-
eral functions including provision of a barrier between cere-
brospinal fluid (CSF) and brain extracellular space,
facilitating movement of signaling molecules in the CSF, and
providing a niche for mature brain subventricular zone
(stem) cells (Del Bigio, 2010; Ohata and Alvarez-Buylla,
2016). Little is known about epigenetic regulation in the
mature ependymal layer. It is worth noting that, although
none of the human cases studied here were hydrocephalic,
hydrocephalus due to aqueduct stenosis was one of the more
frequent malformations encountered in our PNAE/FASD
autopsy study (Jarmasz et al., 2017). Integrity of the ependy-
mal lining along the cerebral aqueduct is necessary for main-
taining patency (Sival et al., 2011). We must consider the
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Fig. 9. Photomicrographs showing immunoreactivity for histone acetyla-
tion and methylation marks in human control and PNAE dentate gyrus
(DG) and temporal neocortex. In the DG of young infants (43 weeks post-
conception), granular neurons of PNAE cases had greater immunoreactiv-
ity for H3K9ac than controls (p = 0.0352). In the temporal cortex of young
infant PNAE cases, large neurons (black arrows) had less intense
immunoreactivity than controls for histone marks H3K9ac (p = 0.0202)
and H3K27ac (p = 0.0229). Reduced immunoreactivity was also apparent
in small round nuclei (presumably oligodendrocytes; red arrows). Images
were taken at 200x magnification. DAB detection of antibody (brown) with
hematoxylin counterstain (blue).

possibility that PNAE-associated epigenetic changes might
adversely affect the function of ependymal cells, which in
turn could alter the health of the subjacent NPCs.

Owing to the difficulty obtaining human specimens with
documented history of PNAE, there are numerous limita-
tions to our study. (i) Small sample sizes in heterogenous
groups are subject to type II errors (i.e., failure to identify
real differences). (ii)) We calculated numerous nonindepen-
dent paired t-tests, which increases the risk for type I error.
Hence, these data must be considered exploratory and the
reported p values should be viewed with caution. (iii) None
of the cases had a comprehensive genetic (i.e., gene mutation)
analysis, so we cannot be certain that abnormalities attribu-
ted to PNAE are, in fact, related to an unrecognized genetic
disorder (Zarrei et al., 2018). We previously described many
complex abnormalities and confounding factors in the
autopsy cohort of PNAE/FASD cases (Jarmasz et al., 2017).
Here, we avoided cases with severe malformations and
attempted to restrict the analysis to brains of small size (mi-
crencephaly). (iv) Hypoxic-ischemic stress frequently occurs
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Fig. 10. Photomicrographs showing immunoreactivity for epigenetic
marks in human control and PNAE white matter. Compared to controls,
H3K9ac was lower in early fetal (21 to 25 weeks) PNAE (p = 0.0377). Both
H4K16ac and H3K4me3 also tended to be lower (p = 0.0661 and
p = 0.0572, respectively) in the late fetal (31 to 40 weeks) and infant (53 to
70.5 weeks) groups. These global decreases in immunoreactivity did not
appear to be cell morphology specific. The postconception age in weeks
(w) is indicated for each panel. Images were taken at 200x magnification.
DAB detection of antibody (brown) with hematoxylin counterstain (blue).

prior to in utero death of fetuses; oxidative stress due to pla-
cental insufficiency could mask epigenetic changes caused by
PNAE (Brocardo et al., 2011). In a largely overlapping
cohort of human fetal and infant brains with a history of
PNAE, we found immunohistochemical evidence for oxida-
tive changes in the DNA and lipids of stillborn fetus brains,
but there were no differences between controls and PNAE
cases (Appendix S8). (v) We showed in a previous study (Jar-
masz et al,, 2019) that some histone acetylation marks
diminish with increasing PMD. This necessitated the use of
PMD time as an additional factor to be controlled, which in
turn narrowed options for control cases. (vi) The unavoid-
ably imprecise history of alcohol use (timing and quantity)
during the pregnancy (Jarmasz et al., 2017) could explain the
lack of consistent changes among epigenetic marks. Precisely
timed studies in pregnant mice have shown, for example, that
the offspring have different phenotypes when PNAE occurs
on gestational day 7 compared with day 8 (Sulik, 2005).
Extremely high doses at earlier stages can lead to more severe
abnormalities such as neural tube defects (Hunter et al.,
1994).

To compensate for the limitations of the human samples,
we included a parallel analysis of macaque monkey binge
PNAE brain samples. However, even within the controlled
experiment, variable phenotypic outcomes were encountered
(Clarren et al., 1990; Sheller et al., 1988). There are several
possible reasons why our human and macaque results did
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Control
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H3K9ac

H3K27ac

Fig. 11. Photomicrographs showing immunoreactivity for epigenetic
marks in ependymal cells lining the temporal horn of human control and
PNAE cases. Compared to controls, the intensities of H3K4me3
(p = 0.0234) and H3K9ac (p = 0.0198) were significantly lower in the early
fetal age group (21 to 25 weeks). For H3K27ac, the proportion of positive
cells was lower (p = 0.0142). The postconception age in weeks (w) is indi-
cated for each panel. Images were taken at 200x magnification. DAB
detection of antibody (brown) with hematoxylin counterstain (blue).

not correspond. The monkey brain sections required slightly
different immunohistochemical techniques and often had
inconsistent labeling, likely related to prolonged fixation in
formalin. The humans died from natural causes, which
would often include some degree of hypoxia, and the mon-
keys died from anesthetic overdoses, which are unlikely to
immediately cause changes in epigenetics (Ju et al., 2016;
Mori et al., 2014; Pekny et al., 2014). Although the monkeys
survived a similar postnatal duration (6 months), in compar-
ative developmental terms, they are approximately
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Fig. 12. Photomicrographs showing immunoreactivity for epigenetic
marks in ~6-month-old control and PNAE macaque hippocampal neurons.
H3K36me3 was significantly lower in the immature cells of the dentate
gyrus adjacent to the cornu ammonis CA4 region (p = 0.0054). Among
CAT1 neurons, the proportions of neurons immunoreactive for H3K9ac
(p = 0.0253) and H3K27me3 (p = 0.0146) were reduced in PNAE, while
the proportion of H4K12ac-positive cells in PNAE cases was increased
(p = 0.0445). Images were taken at 400x magnifications. DAB detection
of antibody (brown) with hematoxylin counterstain (blue).

equivalent to 2.7- to 3.5-year-old humans (http://translating
time.org/translate). In addition, a recent study documented
transcriptional differences between the brains of humans and
rhesus macaques in prenatal, early postnatal, and adult

Table 5. Statistically significant results for macaque control and PNAE pairings

Epigenetic mark Ependyma Temporal cortex White matter Dentate gyrus CA1 neurons
5mC " p=0.8531 \ p=0.0821 I p=05161 T p = 0.4601 | p=0.7808
5hmC I p=0.1982 I p=0.3367 T p =0.3547 I p=0.1570 I p=0.0840
5fC I p = 0.0077 *p=0.5751 I p=0.1961 { p=0.3800 I p=0.1024
5caC Y p=10.0210 T p = 0.5080 I p=0.1138 I p=0.5192 -p=1.0%
H3K4me3 p = 0.5614 I p=0.6435 I p=0.4621 T p = 0.5541 T p=0.6423
H3K9me2/K9me3 I p=0.0910 p = 0.9004 I p=0.7074 Tp=0.1898 T p=0.7266
H3K27me3 I p=01113 I p=0.6873 | p=0.3547 I p=0.2667 I p=0.0146
H3K36me3 | p = 0.0058 Y p=0.0112 I p=0.1395 | p = 0.0054 7 p = 0.0253
H3K9ac v p =0.0427 p = 0.9228% I p=0.2278 I p=0.9261 p = 0.2733%
H3K27ac p = 0.3052 I p=0.4388 T p = 0.3501 *p=0.7010 I p=0.8500
H4K5ac T p = 0.3547 T p = 0.6620 I p=05787 *p=0.1303% Tp=0.3613
H4K12ac I p=0.9247 I p=0.1386 Tp=07813 *p=0.9155 1 p =0.0445°

Bolded p values represent statistical significance at p < 0.05 after Benjamini-Hochberg correction at a false discovery rate of 0.1. p Values significant

at p < 0.05 but failed Benjamini-Hochberg correction represent a trend and are italic and underlined.
\—decreased in PNAE (n = 6) relative to control (n = 5); *—increased in PNAE (n = 6) relative to control (n = 5); “” represents no change in PNAE

(n = 6) relative to control (n = 5).
#Minimal immunoreactivity.
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stages of life. The postconception day 60 macaque specimens
were fairly closely aligned with postconception day 102 to
115 human samples, while 2- to 7-year-old macaques aligned
with adolescent and adult human samples. This indicates a
protracted development of the brain in humans in compar-
ison with rhesus macaques at the level of gene transcription,
which is an epigenetically driven process (Zhu et al., 2018).

A major target in FASD research is identification of a
DNA methylation pattern sufficiently characteristic to be
used as a biomarker for early diagnosis in living children.
This usually relies on whole genome methylation analysis of
DNA extracted from leukocytes or buccal epithelium cells.
In buccal cells from 12 males with FASD (3 to 6 years), 269
differentially = methylated cytosine—phosphate—guanines
(CpGs) were identified (Laufer et al., 2015). In buccal cells
from 110 FASD and 96 control children (5 to 18 years), dif-
ferentially methylated CpGs were found in 403 genes, many
of which are related to neurons and brain diseases (e.g., aut-
ism, epilepsy, substance abuse; Portales-Casamar et al.,
2016). In a separate validation cohort of 24 FASD and 24
control children (ages 3.5 to 18 years), 82 hypermethylated
and 79 hypomethylated genes were detected, some the same
as in the previous study (Lussier et al., 2018). The extent to
which gene-specific methylation changes in buccal epithelial
cells reflects upon global methylation in the nuclei of brain
neurons is unknown.

In summary, we showed a variety of global epigenetic
changes in brain cell nuclei of human fetuses and infants with
a history of PNAE. These partially align with experimental
PNAE studies in rodents. However, rapid developmental
changes in the expression of specific DNA cytosine modifica-
tions and histone PTMs across ages, as well as environmental
influences, make it difficult to translate observations in
rodents to findings in humans. In general, our exploratory
findings support the broad hypothesis that DNA and histone
epigenetic changes occur in PNAE. These changes might con-
tribute to the abnormalities in brain development that are
associated with FASD. Future work will include detailed cell
type analysis (e.g., with double-label immunofluorescence) to
confirm specific cell populations affected by PNAE, in partic-
ular the heterogenous progenitor cells in the SVZ and the
multiple cell types in the cerebral cortex. Eventually, we hope
to correlate these global changes with gene-specific modifica-
tions in brain and perhaps in accessible nonneural tissues.
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Appendix S1. Published epigenetic studies of brain tissue
following ethanol exposure.

Table S1-1. Changes in DNA cytosine modifications and
related enzymes following experimental in utero (not postna-
tal) alcohol exposure in the brain specifically.

Table S1-2. Histone post-translational modifications
(PTMs) and enzymes associated with experimental in utero
(not postnatal) alcoholexposure in the brain specifically.
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model.

Table S2-1. Alcohol-exposed and control macaque details
[1-3].

Appendix S3. Rationale for the selection of epigenetic
marks (DNA cytosine modifications, histone acetylation and
histone methylation) being investigated in PNAE human
and macaque monkey brain samples.

Appendix S4. Procedural details of immunohistochemical
labeling.

Appendix S5. Immunohistochemical stains showing total
histone H3 and H4 epigenetic modifications.

Figure S5-1. Representative immunohistochemical detec-
tion of epigenetic marks in human control temporal neocor-
tex showing discrepancies between selective and total histone
antibodies.

Figure S5-2. Representative immunohistochemical detec-
tion of epigenetic mark H3K36me3 in human control ven-
tricular (VZ) and subventricular zones (SVZ).

Figure S5-3. Representative immunohistochemical detec-
tion of epigenetic marks in human control vascular endothe-
lial cells, arterial smooth muscle cells lining blood vessels,
and epithelial cells of the choroid plexus.

Appendix S6. Proportion rank values representing specific
brain cell types among the temporal ependyma, dentate
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gyrus, temporal cortex and white matter in human control
fetal and infant cases for each of the epigenetic marks stud-
ied.

Appendix S7. Representative photomicrographs showing
immunohistochemical detection of 5fC and H3K27me3
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epigenetic marks in control and PNAE macaque temporal
horn ependyma.

Appendix S8. Lack of immunohistochemical evidence for
oxidative damage in human and monkey brains with prena-
tal alcohol exposure.



