Research Article

For reprint orders, please contact: reprints@futuremedicine.com

Associative DNA methylation changes in
children with prenatal alcohol exposure

Aim: Prenatal alcohol exposure (PAE) can cause fetal alcohol spectrum disorders (FASD).
Previously, we assessed PAE in brain tissue from mouse models, however whether
these changes are present in humans remains unknown. Materials & methods: In this
report, we show some identical changes in DNA methylation in the buccal swabs of six
children with FASD using the 450K array. Results: The changes occur in genes related
to protocadherins, glutamatergic synapses, and hippo signaling. The results were
found to be similar in another heterogeneous replication group of six FASD children.
Conclusion: The replicated results suggest that children born with FASD have unique
DNA methylation defects that can be influenced by sex and medication exposure.
Ultimately, with future clinical development, assessment of DNA methylation from

buccal swabs can provide a novel strategy for the diagnosis of FASD.

Keywords: cohesin ¢ CTCF e fetal alcohol spectrum disorders e glutamatergic synapse
e hippo signaling ® neurodevelopment e protocadherin e synapse

Prenatal alcohol exposure (PAE) can cause a
continuum of heterogeneous defects termed
fetal alcohol spectrum disorders (FASD).
Patients affected with FASD show life-long
defects, particularly affecting the central
nervous system. At the molecular level PAE
disturbs critical signaling related to apop-
tosis and cell-to-cell interactions [1]. Fur-
thermore, PAE causes changes to synaptic
signaling and disrupts the neuroendocrine
system, where it causes enhanced activity of
the hypothalamic—pituitary—adrenal (HPA)
axis [2]. Finally, the effects are confounded by
genetic variation in pathways related to the
immediate toxicity, which include ethanol’s
metabolite acetaldehyde and oxidative stress
pathways [3].

The question of how fetal alcohol expo-
sure causes long-term molecular and behav-
ioral defects has been difficult to ascertain.
It has necessitated the development of mouse
models [4] and genome-wide technologies [s).
Results show that exposure to alcohol dur-
ing neurodevelopment causes behavioral dis-
abilities in the resulting offspring that mimic

human FASD patients in a C57BL/6] (B6)
mouse model [6]. Furthermore, the result-
ing mice show life long changes in brain
gene expression [7] as well as ‘footprints’ of
exposure from critical windows of epigenetic
programming, particularly related to DNA
methylation and noncoding RNA (ncRNA)
expression [8]. This effect of PAE in rodent
models has been reported from a number of
independent laboratories [9-15] over the last
decade. They are now viewed as a milestone
in FASD research [16,17]. The genes affected
participate in the critical neural processes of
synaptogenesis, apoptosis, cellular identity,
cell—cell adhesion, and signaling (7.3].

These results are best explained by obser-
vations (in alcoholism and FASD research)
that alcohol directly affects the dynamics of
the epigenome via altering one-carbon meta-
bolic pathways from which methyl groups
are derived [18-20]. Developmental alcohol
exposure also results in altered expression of
the genes that establish, maintain and read
DNA methylation, such as Dumtl, Dnmt3a,
Mecp2, and Mtrr (72122). Furthermore, using
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genome-wide assays to interrogate the cytosine meth-
ylation and ncRNA expression within the brain of
adult mice prenatally exposed to moderate amounts
of alcohol, we have identified a transcriptomic and
epigenomic footprint from exposure during critical
windows of development [5.823-25]. This ‘“footprint’
is characterized by alterations to imprinted regions
of the genome that encode multiple developmentally
important noncoding RNAs (ncRNAs) and are regu-
lated by CCCTC-binding factor (CTCF), a zinc finger
protein that functions as a genomic insulator [26]. The
canonical pathways affected include PTEN/PI3K/
AKT/mTOR pathway where the alterations affect cell
adhesion and proliferation [8.12,27]. These findings sug-
gest that ‘footprints’ in the epigenome may represent
past developmental transcriptional aberrations as well
as current ones in related cells that are either active
or poised for a response. In fact, these processes are
developmentally integral to the outcome of larger scale
cortical brain structure formation, since the events of
both pre- and postnatal neurodevelopment are highly
dependent on the (epi)genotype, as well as the molecu-
lar environment of the differentiating cells [28]. Taken
together, current evidence suggests that ethanol can
create long-term changes in the epigenetic landscape
that are essential and actively needed for remaining
neurodevelopment.

Of special interest to this report are the genes related
to the clustered protocadherin gene family and gluta-
matergic synapses. Protocadherins are expressed in the
nervous system where they mediate highly complex
cell-to-cell interactions. The protocadherin molecules
affect the adhesion of a number of synaptic events,
including glutamatergic synapses. Glutamate is the
most abundant excitatory neurotransmitter of the ner-
vous system and has a role in synaptic plasticity. As
such, it is a key molecular component of learning and
memory. Glutamate is known for its involvement in
the plasticity process of long-term potentiation and is
utilized in the hippocampus and neocortex, among
other regions, and the related signaling is particu-
larly sensitive to ethanol. On the other hand, proto-
cadherins are transmembrane proteins with repeats
of the cadherin motif or the cadherin extracellular
domain. This domain contains a conserved Ca?* bind-
ing sequence and the number of extracellular domains
may vary across different cadherin molecules. The
protocadherins function as cell adhesion molecules
and create individual neuronal identities that allow for
large-scale network formation via controlling synaptic
interactions. They have been implicated in a number of
brain disorders with similar endophenotypes to FASD
such as autism spectrum disorders, bipolar disorder,
and schizophrenia [29].

In this report we analyzed children (3—6 year olds)
with a comprehensive FASD diagnosis and a mater-
nal history of PAE (termed the discovery cohort) for
genome-wide DNA methylation changes that are
analogous to the results on mice. This effect is also
replicated in an independent group of FASD children
(termed the replication cohort) collected 6 months
apart. The repeated results establish that DNA meth-
ylation is affected at specific genomic loci in chil-
dren with FASD. The analysis allowed for the iden-
tification of protocadherins, glutamate, and hippo
signaling factors as critical molecules in the etiology
of this neurodevelopmental disorder. These results
may also explain overlaps involving FASD and other
neurodevelopmental disorders of unknown etiology.

Materials & methods

The results included in this report are based on two
cohorts (discovery and replication) of young children
clinically diagnosed with FASD by ] Kapalanga in
Ontario, Canada (Table 1). The discovery cohort con-
sisted of 6 FASD patients and 5 matched controls,
while the replication cohort consisted of a different
set of 6 FASD children and 6 matched controls. The
diagnosis shows that FASD patients from the discov-
ery cohort are much more homogeneous and better
matched to controls with respect to age (3—6 year
olds), sex (males only), socioeconomic status, mater-
nal history of drinking, life exposures, and ancestry
(Table 1A). All subjects had Northern-European ances-
try and the matched controls were visiting the clinic
for annual check-ups or relatively minor non-neuro-
developmental or behavioral problems like asthma,
allergies, musculoskeletal problems, or gastrointestinal
problems. Following ethical approval and informed
consent from parents or guardians, the study subjects
contributed cheek swabs for analysis of buccal epithe-
lial DNA. While four (R2, R3, R5 and R6) of the six
patients in the replication cohort were 6-10 year old
males and not on medication, two were older 7 and
9 year old females (R1 and R4) and on psychotropic/
stimulant medication (Table 1B). Thus, while the rep-
lication cohort matches with the discovery cohort, the
replication cohort is different in that some are females,
on medication, and/or have a wider age range.

Human 450K Infinium Methylation BeadChip

Individual cheek swabs were used to isolate genomic
DNA using the QIAamp DNA Mini Kit following
manufacturer’s protocol. This DNA was processed fol-
lowing sodium bisulfite modification at The Centre for
Applied Genomics (Toronto, Canada). The genome-
wide CpG methylation for each subject was assessed
using the Illumina HumanMethylation450 BeadChip
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Table 1. Clinical features of patients from the discovery and replication cohorts with the diagnosis

of fetal alcohol spectrum disorders.

(A) Discovery cohort

Patient ID D1 D2 D3 D4 D5 D6

Patient (age, years) and sex (6) M (6) M (5) M 4)m 3)m 3)mM

Clinical features

Developmental delay X X X X X X

Hyperactivity, poor impulse control X X X X X X

Learning disorders X X X

Short attention span and inattention x X X

Conduct disorder X X X X

Oppositional defiant disorder X X X

Social difficulties X X X

Nervousness and anxiety X X X

Mood disorder X X

Macrocephaly/macrotia X X

Microcephaly/microtia X X

Distinctive facial features X X X X

Stimulant/psychotrophic medication  No No No No No No
(B) Replication cohort

Patient ID R1 R2 R3 R4 R5 R6

Patient (age, years) and sex (7)F (6) M (6) M (9)F (6) M (10) m

Clinical features

Developmental delay X X X X

Hyperactivity, poor impulse control X X X X X

Learning disorders X X X X

Short attention span and inattention x X X X X

Conduct disorder X X X X X

Oppositional defiant disorder X X X

Social difficulties X X

Nervousness and anxiety X X X

Mood disorder X X X

Macrocephaly/macrotia

Microcephaly/microtia X

Distinctive facial features X X X

Stimulant/psychotrophic medication  Yes No No Yes No No

following the manufacturer’s protocol. The array quan-
tifies the methylation status of over 480,000 CpGs
in the human genome. Arrays were scanned using
[lumina’s GenomeStudio at The Centre for Applied
Genomics (Toronto). It generated scan data (.idat files)
for each human subject used in this analysis.

The .idat files were analyzed using Partek Genom-
ics Suite® Version 6.6. A site-based DNA methyla-
tion workflow for Illumina BeadArray Methylation

was performed as the primary analysis. Preprocessing
using both control normalization and background
subtraction was performed using Illumina’s algorithm
to generate [-values. B-values were then normalized,
converted to a fold-change, and subjected to a one-way
ANOVA analysis to identify regions of differential
methylation using annotations from Hgl8 for the pri-
mary analysis. Custom genome dot plots (also known
as Manhattan plots) were generated from the ANOVA
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results. For hierarchical clustering and gene ontolo-
gies from Enrichr [30) a stringency of p < 0.005 was
used. For Partek Pathways a gene list with a p < 0.05
stringency was used. The subset-quantile within array
normalization (SWAN) algorithm [31] from the minifi
bioconductor package was used within Partek for a
secondary analysis to compare across batches [32].

Confirmation by pyrosequencing

Using the same bisulfite converted buccal swab DNA
from the discovery cohort, EpigenDx performed pyro-
sequencing on the PSQ96 HS System (Qiagen) fol-
lowing the manufacturer’s instructions, using custom
assays [33], and a gradient of controls with known meth-
ylation levels. This allowed for the quantification of the
absolute percent methylation [34] of each CpG at select
loci using QCpG software (Qiagen). The sequencing
reads also allowed for the analysis of SNPs known to be

within or close to the CpGs of the 450K probes.

Comparative mouse model epigenomics

All the significant (p < 0.01) annotated peaks from the
mouse model Differential Enrichment Peak (DEP)
analysis were extracted and combined for peak filter-
ing. Peaks from the MeDIP CpG Island tilling arrays
are represented as unique stretches of assembled con-
tiguous probes showing significant alterations to DNA
methylation. This near base-pair resolution data was
previously generated from the mouse model using a
number of bioinformatic scripts and packages [8]. The
filtering criteria was set as peaks within both top 20%
PeakScore and top 20% PeakDM Value. Alignment of
reference genomes was done using the UCSC genome
browser [3s].

Results

Neurodevelopmental alcohol exposure causes
differential genome-wide DNA methylation
Using a stringent but not false discovery rate (FDR) cor-
rected CpG list (children p < 0.005 and mice p < 0.01)
genome-wide differential methylation was analyzed
in: mice brains subjected to neurodevelopmental alco-
hol; buccal swab DNA of FASD patients and matched
controls; and also a replication cohort (Figure 1). In
each case, the heat maps show that mice with FASD
phenotypes and children diagnosed with FASD clearly
group together and are distinct from matched non-
FASD controls. The results have also allowed for the
identification of specific genes that are concordant
between the three independent sets of results. The
experiments involving mice were described earlier and
are based on a MeDIP-CHIP tilling array that ana-
lyzes CpG islands with greater than 2 CpGs affected
per a 50-75 base pair probe and then tilled into larger

contiguous sequences (8]. For the children, we used the
450K methylation array, which analyzes alterations to
single CpGs via sodium bisulfite conversion and an
epigenotyping approach. From theses arrays a one-way
ANOVA was created to generate a list of CpGs and
corresponding genes that showed significant differen-
tial methylation between FASD children and matched
controls (after extensive preprocessing and data nor-
malization). The results of the discovery and replica-
tion cohorts were analyzed separately in order to avoid
any batch effects and confounding differences from
sample heterogeneity. These effects appeared to reduce
the statistical power more substantially than the limits
of sample size in this experimental design. Therefore,
in order to accommodate for some of the limitations
of sample size the list for the discovery cohort was fil-
tered down to a stringent, but not FDR corrected, 269
significant (p < 0.005) differentially methylated CpG
sites (Supplementary Data). Interestingly, of the sites
showing an increase in methylation, 21 represent sites
in the regulatory features of the clustered protocadher-
ins genes located on 5g31 (Figure 1D & Tables 2 & 3).
This preferential methylation of the protocadherin
cluster is repeated in the mice as well as the replication
samples with some variations. Furthermore, altera-
tions to imprinted ncRNA from the SNRPN-UBE3A
locus (Snord 116 [HBII-85] [p < 0.005] and Snord 115
[HBII-52] [p < 0.01]) were present in the human buc-
cal DNA, which was the most ubiquitous marker for
prenatal alcohol exposure in our mouse models.

Finding signal(s) in the noise

We used differentially methylated genes (with a less
stringent statistical cut-off, p < 0.05) from the discov-
ery cohort that represented established maternal drink-
ing and uniform manifestation of FASD (developmen-
tal delays, hyperactivity/poor impulse control, and
mental deficits) in an analysis towards identification
of specific biological processes, functions, and path-
ways affected as a result of changes in methylation.
While the less stringent cut-off for this gene list doesn’t
account for multiple testing, the downstream ontology
and pathways analysis do as they function on the prin-
ciples of independent component analysis. The results
(Table 4) show that the major biological processes
affected include nervous (p = 0.00000001), anatomi-
cal (p =0.00000008) and skeletal (p = 0.006) develop-
ment, cell adhesion (p = 0.00002), and cell projection
assembly (p = 0.002). These processes appear to be
affected by significant alterations (p < 0.05) to major
molecular functions including neuropeptide binding
and receptors, protein interactions, and channel activ-
ity. These genes and their associated molecular func-
tions are also involved in major canonical pathways
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Figure 1. Methylation signals from fetal alcohol exposed mice and children diagnosed with fetal alcohol spectrum disorders. (A) Heatmap

of top significant (p < 0.01) contigs from the adult mouse prenatally exposed to alcohol. (B) Heatmap of significantly (p < 0.005)

differentially methylated targeted CpG sites generated using hierarchical clustering of buccal epithelial DNA obtained via swab from fetal
alcohol spectrum disorders (n = 6) and matched control (n = 5) children from the discovery cohort. (C) Heatmap of significantly (p < 0.005)
differentially methylated targeted CpG sites generated using hierarchical clustering of buccal epithelial DNA obtained via swab from
fetal alcohol spectrum disorders (n = 6) and matched control (n = 6) children from the replication cohort. (D) Manhattan plot for human

chromosome 5 from the discovery sample. Genomic location is plotted on the x-axis and —log,, (p-value) of differential CpG methylation

from prenatal alcohol exposure is on the y-axis. Each dot represents a single CpG site. A red dot indicates an increase in methylation and a
blue dot indicates a decrease in methylation. The black arrow identifies clustered protocadherin genes on 5qg31.

including hippo signaling, glutamatergic synapses,
serotonergic synapses, and cholinergic synapses as well
as axon guidance, focal adhesion, and apoptosis. Inter-
estingly, the top three enriched canonical pathways are
hippo signaling (p = 0.0002), glutamatergic synapse
(p = 0.001), and calcium signaling (p = 0.005).

The FASD methylation footprint includes
protocadherin genes

Figure 2 shows the Genemania network generated
using the stringent gene list (269 CpG sites, p < 0.005)
that showed significant altered methylation in patients
with FASD. The results reveal involvement of mem-
bers of the a, B, and y family of protocadherin
genes (Figure 1D). Tables 2 & 3 include probes show-
ing significant differential methylation from children

(p < 0.005) and mice (p < 0.01) in clustered proto-
cadherins. Tables 2 & 3 also include corresponding pro-
tocadherin genes that were differentially methylated
in adult brains following neurodevelopmental alcohol
exposure in mice. Figure 3A includes a plot of the raw
[lumina B values from significant (p < 0.005) CpGs in
the differentially methylated region of the protocad-
herin y cluster and how they align with alternate tran-
scripts choice. Protocadherins are involved in the gen-
eration of synaptic complexity in the developing brain
and evolved primarily by tandem duplications and
divergence. This complex locus contains three clusters
(o, B, and ) of protocadherin gene families that are
transcriptionally complex and very similar between
humans and mice (Figure 3B). The clustered protocad-
herin locus generates comparable transcripts in the two
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Table 2. Nucleotide-specific analysis of CpGs in the protocadherin gene family clusters showing

significant (p < 0.005) alterations to CpG methylation in human buccal epithelial DNA from children
of the discovery sample (with fetal alcohol spectrum disorders compared to matched controls).

Family p-value CpG ID

o 2.24E-03 cg03318614
o 4.90E-03 916234335
o 4.07E-03 925225155
o 3.79E-03 913619597

o 4.42E-04 915122993

B 1.99E-03 €g05941060
B 1.90E-03 €g27086874
y 8.85E-04 925657261

Y 1.37E-03 cg01561869
Y 4.86E-03 €g26856475
Y 1.08E-03 922087053
Y 6.14E-05 924922090
Y 6.18E-04 918705909
Y 4.98E-03 924633027
v 8.56E-04 cg03831054
v 4.36E-04 €g21117330

¥ 8.64E-04 €g21915313

Y 3.24E-03 cg02074191

Y 1.36E-04 cg06757405
Y 4.41E-03 cg08854987
Y 8.46E-04 918297751

CpG coordinate Fold change Average B
140154796 1.1 0.55
140168303 1 0.6
140202437 1.23 0.64
140237001 1.54 0.68
140236606 1.17 0.49
140594004 1.43 0.46
140549040 1.14 0.19
140705331 1.34 0.33
140704042 1.22 0.29
140734108 1.38 0.42
140734498 1.27 0.35
140720687 1.24 0.37
140754610 1.58 0.45
140752470 1.32 0.55
140769892 1.53 0.48
140769634 1.2 0.28
140779155 1.5 0.39
140731690 1.6 0.46
140731792 1.35 0.35
140759645 1.26 0.34
140749183 1.31 0.39

species and has relatively conserved CpG sites. More
importantly, a number of the CpG sites/islands are spe-
cifically sensitive to increased methylation following
alcohol exposure in both species.

The top canonical pathways are related to
neurodevelopment & synaptic signaling

The top canonical pathways identified in this analy-
sis involve hippo signaling, glutamatergic synapses,
and calcium signaling, all of which are fundamental
pathways related to neurodevelopment. Hippo sig-
naling (Figure 4A) had 25 out of 120 genes affected,
was the most significant (p = 0.0002) canonical path-
way, and is a highly conserved signaling pathway
studied in cancer that is involved in the control of cell
growth and proliferation, apoptosis, and organ size
control. It is also interconnected to the TGFP and
Wht signaling pathways. Interestingly, hippo signal-
ing has recently been linked to chromatin modifica-
tion by recruiting a histone methyltransferase com-
plex [36] and regulates the growth of niche stem cell
precursors [37]. The glutamatergic synapse pathway
(Figure 4B) was the top synaptic pathway and showed

a significant (p = 0.001) enrichment with 18 out of
77 genes belonging to it showing significant (less
stringent list, p < 0.05) alterations to CpG methyla-
tion. A number of glutamate receptors are G-protein
coupled receptors and are involved in secondary mes-
senger signaling. Also of importance is the significant
(p = 0.005) alteration to the calcium signaling path-
way, with 23 out of 102 genes affected. Calcium sig-
naling has numerous fundamental and diverse roles
in (neural) signaling. The relevance of these path-
ways to neural events is an unexpected result of easily
obtained buccal swabs.

The results of discovery cohort are shared by
the replication cohort

The replication cohort (R) included six patients
(3—-10 years old) and six matched controls (Table 1B)
and their cheek swab DNA was used in genome-
wide DNA methylation profiles (Figure 1C). They
were recruited from the same clinic and diagnosed
by the same Pediatrician (J Kapalanga). However,
the replication cohort was also much more hetero-
geneous compared with the discovery cohort with
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respect to sex, medication exposure, environment,
and socioeconomic status. In order to compare the
cohorts across batches a different preprocessing algo-
rithm was selected: the subset-quantile within array
normalization (SWAN) algorithm (31] from the min-
ifi 38] bioconductor package. When the two cohorts
were preprocessed separately by the Illumina algo-
rithm or together with the SWAN algorithm, they
produced genome-wide results that had similarities
but were not identical to the discovery cohort. There
was a trend of decreased significance in the replica-
tion cohort and greater levels of variation. Despite
these differences, however, the main similarities
between the two cohorts were significant alterations
in ontologies related to glutamate and the canoni-
cal glutamatergic synapse pathway. Additionally,
there was a consistent and prominent protocadherin
signal on the Manhattan plot, as well as replication
of alterations to imprinted regions also seen in the
mouse models and the discovery cohort.

Next we reanalyzed the replication cohort results
following removal of females and children on medi-
cation (Table 1B; R1 and R4). Also, four controls of
the replication cohort were removed to better match
age range and medical history. The selected scans
were then preprocessed using the Illumina algo-
rithm. Upon removal, the groups cluster much more
closely and the signal is almost identical to what was
observed in the discovery cohort. Glutamatergic
synapses, cell-adhesion, neuroactive ligand recep-
tor interactions, MAPK signaling, axon guidance,
and a number of other pathways were all significant
(p < 0.005) even though the ranking of specific path-
ways varied slightly. The results argue that although
DNA methylation is altered in patients with FASD,
other factors, including sex, age, and medication
history, may affect the final outcome.

Confirmations via pyrosequencing

Next we sought to confirm the microarray results
using an independent technology that does not
depend on the matched controls for modeling. For
this we chose probes with different performances
from the carefully matched discovery cohort. First
we chose the only CpG to pass multiple testing at
the FDR filtering level in this relatively small cohort.
The analysis identified an enhancer of COLECII
(FDR p = 1.93 x 107). Pyrosequencing analysis of
the affected CpG (cgl5730644) revealed that the
COLECI1 CpG shows a significant increase (p =
0.002) with an average methylation of 94.2% in
FASD compared with 79.8% in matched controls
(Table 5). It also shows that all children affected
with FASD consistently have higher (~94% of cells)

Table 3. Tiling-based analysis of protocadherin
gene clusters showing significant (p < 0.01)

increases in methylation in adult brain tissue
from a mouse model of fetal alcohol spectrum
disorders.

Family Peak start Peak end Peak length
o 37090887 37091731 844

o 37099823 37099982 159

o 37100493 37101082 589

o 37120628 37121169 541

o 37121813 37122462 649

o 37128647 37129396 749

o 37148470 37149114 644

o 37153966 37154515 549

o 37159353 37160304 951

o 37166096 37167215 1119

o 37181780 37182430 650

B 37456114 37456763 649

B 37603162 37603321 159

B 37645176 37646223 1047

B 37657621 37657881 260

B 37674825 37674994 169

B 37678546 37679275 729

Y 37828934 37831185 2251

Y 37835333 37836297 964

Y 37840948 37841597 649

Y 37850740 37850974 234

Y 37854441 37854897 456

Y 37868606 37868955 349

Y 37886555 37887889 1334

Y 37892011 37893005 994

Y 37922706 37922835 129
Results are from methylated DNA immunoprecipitation (MeDIP)
CpG Island tilling arrays and peaks are represented as unique
stretches showing significant alterations to DNA methylation in
prenatal alcohol exposed mice compared with matched controls.

methylation at this CpG site compared with their
matched controls (~80% of cells). The sequencing
run also examined SNP rs182514706 (T>G) and
found that it was not present in any members of
either the exposed or control groups and thus would
not interfere with the confidence in the performance
of this probe. COLECII is involved in fundamen-
tal developmental processes and serves as a guidance
cue for neural crest cell migration where aberra-
tions are known to produce spectrum disorders with
similar endophenotypes to FASD known as 3MC
syndrome [39].
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Table 4. Gene ontology and KEGG-based canonical pathway analysis of significant differences in

CpG methylation from the discovery cohort.

Ontologies and pathways p-value
Biological processes

Nervous system development (GO:0007399) 0.00000001
Anatomical structure development (GO:0048856) 0.00000008
Cell adhesion (GO:0007155) 0.00002176
Calcium-dependent cell-cell adhesion (GO:0016339) 0.00073511
Skeletal system development (GO:0001501) 0.00562206
Cell projection assembly (GO:0030031) 0.01521803
Cell-cell adhesion (GO:0016337) 0.01396605
Molecular functions

Neuropeptide binding (GO:0042923) 0.024
Neuropeptide receptor activity (GO:0008188) 0.022
Sodium channel activity (GO:0005272) 0.016
Protein binding (GO:0005515) 0.007
Voltage-gated sodium channel activity (GO:0005248) 0.009

RNA polymerase Il transcription factor activity (GO:0003702) 0.026
Cation channel activity (GO:0005261) 0.043
Canonical pathways (number of genes affected)

Hippo signaling pathway (25 genes) 0.0002
Glutamatergic synapse (18 genes) 0.0011
Calcium signaling pathway (23 genes) 0.0051
Retrograde endocannabinoid signaling (16 genes) 0.0062
Serotonergic synapse (16 genes) 0.0092
Axon guidance (17 genes) 0.0118

Cell adhesion molecules (18 genes) 0.0132
Long-term depression (8 genes) 0.0349
Focal adhesion (21 genes) 0.0377
Dorso-ventral axis formation (5 genes) 0.0467
Cholinergic synapse (14 genes) 0.0546
Apoptosis (10 genes) 0.0608

The next two probes examined did not pass a FDR
cut-off and are representative of the gene list used for
higher level analysis, including heatmaps, ontologies,
and pathways. HTT (Huntington) is a major hub in
neurological disorders and showed a 1.5-fold increase
(p =0.003) in methylation in FASD patients. Pyrose-
quencing analysis of the affected CpG (cg26128129)
revealed that the CpG in a enhancer of HTT shows a
significant increase (p = 0.001) with an average meth-
ylation of 87.6% in FASD and an average of 50.7%
in matched controls. Interestingly, there is varia-
tion among the control samples as compared with
the FASD patients (Table 5). This CpG is known
to contain a SNP [rs362313 (C>T)] that causes a

loss of the CpG, as well as another SNP near the
probe [rs147422679 A>G]; however, pyrosequenc-
ing confirmed neither SNP was present in any of the
individuals examined. The final probe assessed by
pyrosequencing was PCDHBI18, which is a member
of the protocadherin B cluster. The affected CpG
(cg27086874) is in a north CpG shore that is located
in a reprogramming-specific differentially methyl-
ated region (DMR). The results show an identical
pattern to the arrays and the mouse models (results
not shown). The available results support the sug-
gestion that CpG specific DNA methylation is
altered in the cheek swab DNA of children affected
with FASD.
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Discussion

Ethanol is a classic teratogen capable of inducing a wide
range of developmental abnormalities. It interferes with
a number of developmental processes at many levels. Of
interest to this report is that PAE interferes with one-
carbon metabolism [40], which is essential for DNA
methylation, histone modifications, and DNA synthesis.
As such, it is implicated in complex gene-environment
interactions that alter gene expression patterns, espe-
cially during neurodevelopment [18.41-44]. Much of this
understanding has come from animal models that have
successfully generated phenotypes relevant to FASD [6.7].
The mouse results support involvement of a number of
developmental pathways in the etiology of FASD [7].
Also, the underlying mechanisms may involve epigenetic
remodeling that persists into adulthood (8] even though
the molecular targets that could be considered as causal

and ‘driving’ are not known. Furthermore, although
the animal studies are informative, the literature lacks
replication of such results in humans, which forms the
primary objective of this report. The analysis of human
children has also implicated a fundamental and well-
known player in alcohol research: the glutamatergic
synapse (Figure 4B). Additionally, the identification of
hippo-signaling (Figure 4A) offers a very promising can-
didate for the mechanism given its role in regulating stem
cells and controlling organ size. However, not much is
currently known about this pathway in a context outside
of cancers, which are diseases of cell differentiation, and
developmental fly biology. Thus, the focus for remainder
of this report is a single genomic locus, which is consis-
tently affected in children born with FASD and in PAE
mice that may also ‘drive’ psychiatric phenotypes, and
has not yet been implicated in the literature.
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Increased methylation in protocadherin genes
can result in FASD phenotypes

The protocadherins are the largest subgroup of the
cadherin gene superfamily of homophilic cell-adhesion

®

HIPPO signalling

Research Article

proteins [45.46]. In humans, they are clustered on 5q31
and show a concerted increase in methylation in FASD
(Figure 1D & Figure 3A). They are primarily expressed
in the developing nervous system [47] where they are
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Table 5. Pyrosequencing results for COLEC71 and HTT.

Individual Colec11 panel HTT panel

ID SNP T>G rs182514706 ¢g15730644 ¢g26128129 SNP C>T rs362313 SNP A>G rs147422679
E1 T/T 91.5 89.30 A/A

E2 T/T 96.0 86.62 A/A

E3 T/T 92.0 90.84 A/A

E4 T/T 96.9 86.63 A/A

E5 T/T 94.0 84.61 A/A

E6 T/T 94.5 87.82 A/A

1 T/T 63.8 37.37 A/A

c2 T/T 81.9 44.32 A/A

c T/T 84.2 84.18 A/A

c4 T/T 82.3 44.82 A/A

(&) T/T 82.2 42.57 A/A

Sample ID represents the individuals from the discovery cohort and the metrics represent percent methylation of the CpG from the sample.

stochastically involved in a neuronal self-avoidance
that allows neurons to interact with the same neuronal
subtype but not themselves. Indeed, protocadherins
have been observed mediating cell-to-cell interactions
in dendrites, axons, synapses, growth cones, and neu-
ronal soma [48-54]. In vertebrates, the majority of pro-
tocadherin genes are organized in three clusters: o, f3,
and y (Figure 3B). Intriguingly, the cell specific varia-
tion in transcripts created by this locus parallels the
complexity of the immune system. Unlike the immune
system, which relies on genetic recombination, the pro-
tocadherin complexity is realized by epigenetic mecha-
nisms that parallel the act of recombination via alter-
native transcript choice. The transcriptional initiation
of the ot and y families is dependent on the methylation
status of numerous promoters in the variable regions
of the family. B, on the other hand, does not contain
a shared exon and each gene appears to be under the
control of its own promoter. The o and y gene fami-
lies form a DNA loop with CTCF, which has meth-
ylation sensitive binding and is proposed to bring the
isoform specific promoters into the proximity of flank-
ing enhancers and transcriptional machinery. Thus,
it appears that CTCF serves as a master transcription
factor for this locus and is used to determine isoform
expression [s5]. Furthermore, the regulation of this sto-
chastic expression is dependent on epigenetic priming
by de novo methylation patterns established at promot-
ers by Dnmt3b during early embryonic stages, which
goes on to causatively influence isoform expression in
subsequent differentiated cells [s6].

The isoform diversity created by these clusters creates
a molecular signature on the cell surface of individual
neurons that is used to interact in trans [54]. This diver-
sity is accomplished by individual neurons expressing

different combinations of the protocadherin isoforms on
their cell surface and forms even more diversity by creat-
ing multimers (in cis). Ultimately, each neuron could
have its own unique identity amongst other individuals
of the same subtype [57:58]. This is believed to be the bio-
logical basis for the specific and yet enormous network
formation of precise neuronal connections required for
neurodevelopment. Given this essential role underly-
ing neurodevelopment, it comes as no surprise that the
protocadherin gene family clusters have been implicated
in a number of neurodevelopmental disorders [s9]. Also,
an increase in methylation in some, most, or all gene
promoters (Tables 2 & 3), as observed in human FASD
patients and all mouse models, is expected to reduce the
isoform diversity, thus restraining brain function.

We also assessed the significance of affected
sequences in a transcription factor analysis [30]. It
revealed a significant (p < 0.005) enrichment for CTCF
insulator binding sites [60], which are involved in estab-
lishing chromatin domains and boundaries and result
in a large-scale nuclear architecture that is specific to
cell type. Another transcription factor enriched for
was RAD21, which cooperates with pluripotency tran-
scription factors, including CTCF in the maintenance
of embryonic stem cell identity [61]. CTCF is known
to be the master regulator of the clustered protocad-
herins [62] where it influences complex DNA looping
(Figure 3A), and many genes under its transcriptional
regulation appear deregulated in our mouse models
including genomically imprinted genes [8].

The increased methylation of protocadherin genes
in the cheek swab DNA of FASD patients are backed
by comparable results in the brains of adult mice pre-
natally exposed to alcohol (Figure 3B). Among the
most common is Pcdhb18, which was shown to have
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a significant (FDR corrected p < 0.05) decrease (40%)
in adult brain gene expression in one of our mouse
models of FASD [7]. Such results have the potential
to cause down-regulation of specific gene products
depending on the specificity of methylated promoters
in neural cells of mice as well as humans. Furthermore,
such changes are expected to affect function because
Pcdhbl8 has been demonstrated to control axon
growth and arborization in zebrafish [63]. Finally, it has
not escaped our attention that this rather synchronous
alteration in DNA methylation of a specific gene fam-
ily with a critical role in brain functioning in children
with FASD may open the door to early diagnosis of
this common and complex disorder as well as offer
novel strategies for its amelioration.

Conclusion & future perspective

While the analysis was theoretically limited by small
sample size, it also had the practical and unquantifiable
added statistical power of extremely stringent sample
matching and concordance with our multiple mouse
models, which showed almost identical alterations.
Furthermore, the changes could be representative of
alterations to individual cellular populations, par-
ticularly neurons or glia populations, but nonetheless
these observations would still be meaningful as both
buccal cells and neural precursor cells are related at
the ectoderm primary germ layer. The connection via
neuroepithelial cells also suggests a role for the devel-
opmental events of epithelial-mesenchymal transition
(EMT) and the inverse mesenchymal—epithelial tran-
sition (MET), which are used in neural crest migration
and neural tube formation. Thus, despite the poten-
tial caveats, we suggest that the results included may
have a number of implications. First, the methylomic
profile (Figures 1 & 2) may serve as a diagnostic fea-
ture of FASD, including early diagnosis from an easily
accessible peripheral tissue. Second, the identification
of target loci and molecules, including protocadherins,
may serve as a foundation for the development of novel

strategies of treatment and application of any correc-
tive therapy, which are most effective if applied as early
as possible during neurodevelopment [64].
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Executive summary

disorders (FASD).

hippo signaling pathway.

one-carbon metabolic pathways.

altering sequence.

e First analysis of alterations to genome-wide DNA methylation in human children with fetal alcohol spectrum

e Results of buccal swabs from human children with FASD have similar DNA methylation patterns at candidate
loci when compared with prenatal alcohol exposure (PAE) adult mouse brains.

e Results are replicated but not identical in a much more heterogeneous human FASD cohort.

e Common candidates include the clustered protocadherin locus, glutamatergic synapse pathways, and the

¢ The regions identified are not limited to ubiquitous environmentally responsive imprinted regions or

e The candidates will be of use for future development of molecular therapies, such as somatic epigenome
editing, which involves modified genome editing systems inducing precision epigenetic alterations without
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