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In individuals with Williams syndrome, dysregulation
of methylation in non-coding regions of neuronal
and oligodendrocyte DNA is associated with pathology
and cortical development
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Williams syndrome (WS) is a neurodevelopmental disorder caused by a heterozygous micro-deletion in the WS critical region
(WSCR) and is characterized by hyper-sociability and neurocognitive abnormalities. Nonetheless, whether and to what extent WSCR
deletion leads to epigenetic modifications in the brain and induces pathological outcomes remains largely unknown. By examining
DNA methylation in frontal cortex, we revealed genome-wide disruption in the methylome of individuals with WS, as compared to
typically developed (TD) controls. Surprisingly, differentially methylated sites were predominantly annotated as introns and
intergenic loci and were found to be highly enriched around binding sites for transcription factors that regulate neuronal
development, plasticity and cognition. Moreover, by utilizing enhancer–promoter interactome data, we confirmed that most of
these loci function as active enhancers in the human brain or as target genes of transcriptional networks associated with
myelination, oligodendrocyte (OL) differentiation, cognition and social behavior. Cell type–specific methylation analysis revealed
aberrant patterns in the methylation of active enhancers in neurons and OLs, and important neuron-glia interactions that might be
impaired in individuals with WS. Finally, comparison of methylation profiles from blood samples of individuals with WS and healthy
controls, along with other data collected in this study, identified putative targets of endophenotypes associated with WS, which can
be used to define brain-risk loci for WS outside the WSCR locus, as well as for other associated pathologies. In conclusion, our study
illuminates the brain methylome landscape of individuals with WS and sheds light on how these aberrations might be involved in
social behavior and physiological abnormalities. By extension, these results may lead to better diagnostics and more refined
therapeutic targets for WS.
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INTRODUCTION
Williams syndrome (WS), also known as Williams-Beuren syn-
drome, is a rare genetic multi-systemic neurodevelopmental
disorder caused by a pathological micro-deletion of 26–28 genes
in the 7q11.23 region, also referred to as the WS critical region
(WSCR) [1–3]. WS is characterized by social abnormalities, such as
hyper-sociability, striking social fearlessness, distinct over-friendli-
ness, and excessive empathy, along with poor social judgment
ability [1, 4]. WS is also associated with distinctive facial features
[5], cardiovascular abnormalities [6–8], endocrine imbalances
[9, 10], severe visuospatial construction weakness [11–13] and
intellectual disability [13–17]. The WSCR can undergo deletion,
duplication, or inversion, with such aberrations having been
associated with other disorders, such as autism [18, 19] and
schizophrenia [19, 20]. Consistent with these phenotypes, previous
studies revealed genome-wide transcriptional disruption in

various cell types and organs of individuals with WS [21–23].
Specifically, we previously showed reduction in myelin-related
gene transcript levels, OL numbers, neuronal myelination [21] and
white matter properties [24, 25] in individuals with WS, as
compared to TD controls.
Although the molecular basis for the neurological phenotypes

seen in WS has been intensively studied, the potential effect of
WSCR deletion on epigenetic modifications remains poorly
understood. To date, WS has been largely studied as a monogenic
disease using mouse models in which the roles of individual genes
were considered. While this approach is important for our
understanding of each of these genes, multigenic mechanisms
that modulate relevant gene expression and the subsequent
effects on brain development are still largely unknown. Such
multigenic effects could be regulated by epigenetic modifications
which affect transcription without altering the underlying DNA
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sequences. Such modifications could involve several processes,
including DNA methylation, mRNA degradation via non-coding
RNAs, and/or post-translational modifications of histones, DNA-
associated chromosomal proteins [26, 27].
Although reversible, epigenetic changes are typically stable,

presenting patterns that vary across cell types and throughout
development [28]. It is now evident that errors in the epigenetic
code, such as modifying the wrong gene or failure to add an
epigenetic modification, can lead to abnormal gene activity, and
thus could contribute to alterations in phenotype or to
pathologies [29]. Interestingly, deletions of several genes in the
WSCR locus were linked to epigenetic regulation [22, 23]. For
example, WBSCR22, BAZ1B, and BCL7B, corresponding to WSCR
genes, encode proteins involved in chromatin remodeling [30–33],
while the product of NSUN5 has been shown to act as an RNA
methyltransferase [34]. Moreover, two additional WSCR genes,
GTF2I and GTF2IRD1, encode proteins that have been shown to
functionally interact with several regulatory complexes [35–39],
chromatin and DNA modifiers [40, 41]. These include histone
deacetylases (HDAC1-3) [42], lysine-specific demethylase 1 (LSD1),
components of the repressive poly-comb complex [43, 44], and
DNA-methyltransferase 3-like protein (DNMT3L) [45].
DNA methylation is one of the better-known epigenetic

modifications and has been widely studied in the context of
numerous biological and brain functions, including embryonic
development [46–49], cell differentiation [50–52], neurodevelop-
ment [53–55], myelination [50, 52, 56–60], neurogenesis and cell
identity [46, 47, 61, 62]. Methylation of mammalian genomes
occurs predominantly at cytosines adjacent to guanines (‘CpG’
sites) [61, 63]. As a result, the accessibility of the transcriptional
machinery to a particular gene or given regulatory element (RE)
may be altered. While de novo DNA methylation is predominantly
regulated by DNA methyltransferase (DNMT) family members,
active de-methylation is regulated by members of the ten-eleven
translocase (TET) family of enzymes. Aberrant DNA methylation
has been implicated in many neuropsychiatric disorders, including
autism spectrum disorder (ASD) [64] and schizophrenia [65].
Previous work by Strong et al. examined DNA methylation
patterns from blood samples taken from children with WS,
7q11.23 duplication syndrome (Dup7) and age-matched TD
controls [22]. Their data revealed significant genome-wide
differences in DNA methylation patterns across the WS and
Dup7 groups, when compared to controls [22]. Specifically, these
authors found enrichment of DNA methylation near transcription
factor (TF)-binding sites, such as in EGR1 and EGR2, genes
associated with neuronal plasticity [66] and myelination [67],
and in FOXP1 and FOXP2, associated with developmental speech
disorders [68]. The authors also showed that differentially methy-
lated region (DMR) in individuals with WS are augmented with
CCCTC-binding factor (CTCF)-binding sites, one of the major
structural proteins that forms a physical bridge linking distinct
DNA elements and plays a major role in spatial genome
organization [69]. Follow-up research by Kimura et al. examined
the global methylation status of blood samples from individuals
with WS and TD controls [23]. In this study, individuals with WS
exhibited significantly higher methylation levels than controls on
several genes, including the ANKRD30B (ankyrin repeat domain-
containing protein 30B) gene, previously linked to Alzheimer’s
disease [2, 70]. At the same time, hyper-methylation and lower
levels of ANKRD30B transcription were found in brain samples of
individuals with WS, relative to TD controls [23].
While these studies underscore the importance of DNA

methylation for transcription, the precise effects of such methyla-
tion on the human brain and its relation to WS pathology remain
largely unknown. As such, epigenetic studies can open new
research directions focused on genes outside the WSCR and
previously not considered to affect WS pathology and, hence, not
previously addressed in the context of WS, so as to illuminate

novel mechanisms or pathways associated with this condition.
Accordingly, in the present study, we considered Brodmann area 9
(BA9) sections from frontal cortex derived from individuals with
WS and TD controls. Specifically, these samples were examined for
whole genome methylation alteration.
Our data revealed genome-wide disruption of the methylome in

individuals with WS, as compared to TD controls, as well as
transcriptional networks and biological processes that might be
altered by aberrant methylation. The affected pathways include
genes highly associated with myelination and OL precursor cell
(OPCs) differentiation, such as GAD1, GPR17, ID4 [71, 72], LINGO3
and LINGO1 [73–75]. Finally, by correlating methylation profiles
from blood samples and our data derived from brain samples, we
identified putative targets that can be used to identify brain-risk
loci for WS (outside the WSCR locus) and other associated
pathologies.
Together, our study illuminates the epigenetic landscape of

individuals with WS and helps to shed light on how epigenetic
aberrations might be involved in social behavior and physiological
abnormalities. By extension, these results will provide a better
understanding of potential diagnostic and therapeutic targets.

RESULTS
7q11.23 deletion promotes genome-wide aberrations in the
human frontal cortex DNA methylation landscape
To better understand the potential impact of the 7q11.23 deletion
on the brain epigenome, we addressed DNAmethylation (Fig. 1a) in
BA9 in frontal cortex sections taken from three individuals with WS
and five matching controls (for information on these subjects, see
Supplementary Table 1). Reduced representation bisulfite followed
by sequencing (RRBS) libraries were prepared from these brain
tissues. Consistent with previous reports [22, 23], 1,862,636 single
CpG sites across all samples passed quality control. These were
subsequently subjected to paired (TD vs. WS) differentially
methylated individual CpG site analysis, using the edgeR pipeline
[76] with Benjamini-Hochberg multiple testing correction to control
for the false discovery rate (FDR). Since sex and age are known
factors for variation in DNA methylation, we included them as
covariates in our differential analysis (see methods). Importantly, we
performed another paired analysis, comparing either males to
females (M vs. F, regardless of pathology) or younger vs. older
(below and above the age median, respectively). Our data revealed
genome-wide disruption in the methylome of individuals with WS,
where 110 hyper-methylated sites (Hyper-DMSs) and 222 hypo-
methylated sites (Hypo-DMSs) were identified, as compared to the
extent of methylation at the same sites in TD controls (Fig. 1b,
FDR < 0.05). Interestingly, although males to females comparison
(M vs. F) revealed 2022 DMS, only 20 sites overlapped with the
pathology comparison (TD Vs. WS) and were removed from the final
analysis (Supplementary Fig. 1). We did not identify DMS in the age
comparison.
Next, we performed genomic annotations (via HOMER tools) to

DMSs and allocated them to promoters, exons, introns, intergenic,
5′ and 3′ UTR loci (Fig. 1c left panel). Notably, some DMSs were not
localized to these specific genomic loci and thus excluded from
this analysis (Supplementary Table 2). Furthermore, we assessed
DMSs distribution by normalizing them to the number of general
CpG island in each genomic loci (Fig. 1c right panel) [77]. While
Hypo-DMSs are predominantly annotated as promoter sites, the
vast majority of Hyper-DMSs are annotated as introns and
intergenic loci (Fig. 1c).
As compared to DMSs, DMRs, corresponding to multiple

consecutive methylated CpG sites, are considered to be more
stable and heritable [78]. As such, we investigated DMRs in
individuals with WS and their TD controls and identified 319 DMRs
(Fig. 1d). Similarly, comparison of sex and age as variants revealed
113 DMRs in M vs. F and 5 DMRs in younger vs. older. Only 4 DMRs
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overlapped with the TD vs. WS comparison and were therefore
excluded from the final analysis (Supplementary Fig. 1, Supple-
mentary Table 3). Surprisingly, unlike DMSs, DMRs were mostly
found to be hypo-methylated (henceforth termed Hypo-DMRs)
(Hypo-DMRs = 287/Hyper-DMRs= 28) in individuals with WS, with
promoters, gene exons and 5′ UTR being over-represented in this
group (ratio values calculated by normalizing them to the number
of general DMRs distribution in the human brain [79] Fig. 1e).
Accumulating evidence indicates that DNA methylation can

significantly modify transcriptional regulation by altering TF

binding. Thus, further functional insight was gained by assessing
TF-binding motif sequences adjacent to DMSs (Fig. 2a) and DMRs
(Fig. 2b) using HOMER [80]. Our analysis revealed that in
individuals with WS, several motifs within TF-binding sites were
differentially methylated, as compared to TD controls. Among the
binding sites affected were those for TFs involved in cell
differentiation and proliferation (i.e., ZFP105, SCRT1), activators
of the dopamine transporter (i.e., ZFP161) and cognitive disability
(i.e., SOX8, JUN). Notably, the affected GTF2B-binding motif might
be associated with the GTF2I gene deleted from the WSCR locus in

Fig. 1 7q11.23 deletion promotes genome-wide aberrations in the human frontal cortex DNA methylation landscape. a Schematic
diagram of a methylated gene and regulatory elements. b DMSs are shown as a volcano plot. Values of methylation from pairwise
comparisons (log2-fold change) were plotted against the average -log(P-value). Differentially hypo-methylated DMSs are shown in blue,
differentially hyper-methylated DMSs are in red, and non-significantly methylated CpG sites are shown in black. FDR < 0.05, WS n= 3, TD n= 5.
c Genomic distribution of Hypo- and Hyper-DMSs, as detrmined by HOMER to promoteres, introns, intergenic, exons, 5′ and 3′ UTR regions
(left panel). Comaprison of DMSs distribution to the general occurrence of DNA methylation in the human brain. Ratio values were calculated
by dividing the number of DMSs by the number of identified CpG islands for each genomic location (right panel). d DMRs are presented in a
heatmap. Average methylation levels (log2-fold change) in individuals with WS were compared with those of TD individuals. e Genomic
distribution of Hyper- and Hypo-DMRs (left panel). Comaprison of DMRs distribution to the general occurrence of DNA methylation in the
human brain. Ratio values were calculated by dividing the number of DMRs by the number of identified CpG sites for each genomic location
(right panel).
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individuals with WS [81, 82]. We also found the EGR2-binding
motif to be highly enriched in DMSs (Fig. 2a). EGR2 (early growth
response 2, also called KROX20) is known to mediate the
transcription of various genes related to neuronal development
and plasticity, cognition, circadian rhythm, and social behaviors
[83–86]. The list of DMSs also included the TLX gene that encodes
for an orphan nuclear receptor, also named NR2E1 (nuclear
receptor subfamily 2, group E, member 1) that is predominantly
expressed in the central nervous system (CNS) [87, 88]. Deletion of
TLX impaired adult hippocampal neurogenesis, as well as motor,
cognitive and anxiety-related behaviors, all of which are
associated with several human mental illnesses, such as schizo-
phrenia and bipolar disorders [89, 90]. We also identified enriched
TF-binding motifs on hyper-DMSs (Fig. 2b), such as EGR1, SP3 and

JUN, genes that were previously associated with neuronal
plasticity, synaptic function and cognition [66, 91].
Next, we considered possible links between the TF-binding

motifs identified in DMSs/DMRs (Fig. 2a, b), specifically in common
modifiers that alter DNA methylation (e.g., in genes for DNMT and
TET family members) and genes commonly deleted in individuals
with WS, using the GeneMANIA interface. The TF-binding motifs
identified in DMSs/DMRs are marked by blue circles (Supplemen-
tary Fig. 2). GeneMANIA builds and uses weighted interaction
networks from various data sources (e.g., real-valued protein
physical interaction networks, gene profile datasets and multi-
sample microarray expression) and is able to process user data
into these networks. Our analysis revealed co-expression and
physical interactions between GTFII-I and the DNA

Fig. 2 The assocciation between 7q11.23 deletion, aberrant DNA methylation and TF binding. TF-binding motif enrichment in a DMSs
(−/+ 25 bp) and b DMRs. The size of the circle indicates the level of DMS/DMR site enrichment. Different colors indicate different -log2(P-
value), as indicated in the scale bar. c Association network analysis. Diagrams represent two sub-networks between the TF-binding motifs
identified in DMSs/DMRs (marked by blue ovals), genes commonly deleted in WS, and common epigenetic modifiers that alter methylation.
The analysis was preformed using GeneMANIA.
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methyltransferase 3 beta (DNMT3B) and 3 alpha (DNMT3A) (Fig. 2c,
left panel). Moreover, our analysis revealed co-expression and
physical interactions between DNMT3A and EGR2, which were
identified by HOMER in the motif analysis (Fig. 2c, left panel).
Finally, our GeneMANIA association network analysis revealed

potential interactions between DNMT1/TET family members, several
TFs (namely, HIC1, E2F4, E2F1, JUN and SP3) and the BCL7B gene
(which is deleted in WS) (Fig. 2c, right panel). Collectively, these
results support the notion that genes in the WSCR serve as scaffolds
for epigenetic modulators, such that deletion of these genes has the
potential to disrupt the proper binding of several TFs and lead to
genome-wide epigenetic and transcriptional aberrations.

Aberrant methylation of regulatory elements and their target
genes following 7q11.23 deletion
To date, numerous studies have focused on alterations in the
methylation of exons and promoters which are tightly linked to
changes in gene expression [22, 23, 92–94] Still, the functional
roles of differential methylation of REs, DNA sequences typically
found in introns and intergenic regions, remain poorly under-
stood. It is notable that REs act independently of the distance and
orientation of their target genes by forming three-dimensional
(3D) chromatin loops in a cis- or trans-manner. This chromatin
configuration brings REs into physical contact with the promoters
of genes they affect, a process also known as enhancer–promoter
interactions [95] (Fig. 3a). New approaches, such as chromosome
conformation capture (3C) techniques [96], offer new tools to map
3D chromatin contacts on a genome-wide scale and accurately
link REs to their respective genes (Fig. 3a).
We first used HOMER annotation tools (default; the nearest

gene) to recognize DMSs/DMRs. In this manner, we identified 104
genes with promoters and 136 exons with altered methylation
(Fig. 3b, Supplementary Table 4). In some cases, we found several
changes in methylation of the promoter or exons of the same
gene; these were counted as a single occurrence.
To further address the functions of DNA methylation of intronic

and intergenic loci, we examined previously published data to
assess the overlap of DMS/DMRs with two specific markers of
enhancers, namely, acetylation of histone H3 Lys27 (H3K27ac) and
mono-methylation of histone H3 Lys4 (H3K4me1) [97]. We
identified a ~67% overlap between DMSs/DMRs and H3K27ac/
H3K4me1 modifications (Supplementary Fig. 3), confirming that
most of these loci function as active enhancers in the human brain.
Next, by consulting cell type enhancer–promoter interactome data
(merged all cell types interactions together) from Nott et al. [28], we
accurately mapped DMSs/DMRs found within enhancers onto their
respective target genes. Such analysis yielded a list of 68 gene
candidates that potentially could be altered by aberrant methyla-
tion of putative REs (33 genes from intergenic regions and 35 from
introns loci; Supplementary Table 4). Here too, multiple methylation
sites in the same intron or intergenic region were annotated to the
same gene and counted as a single occurrence. All annotated genes
(from HOMER and interactome maps) from DMS/DMRs are
presented in Fig. 3b and Supplementary Table 4.
To better understand gene networks and biological processes

that might be altered by aberrant methylation in individuals with
WS, we next performed a gene ontology (GO) analysis of hyper- and
hypo-DMSs/DMRs (Fig. 3c, Supplementary Table 5). Our results
indicated that hyper-DMSs/DMRs were significantly enriched in
pathways such as ‘nervous system development’ and ‘trans-synaptic
signaling’ with genes such as PLAGL1, SOX11 and HOXA2 being
affected (Fig. 3c, Supplementary Fig. 4a and b). Moreover, we
identified several genes, such as LINGO1, that harbor both hyper-
and hypo-methylation in their vicinity, with the potential to affect
their transcription level in an opposite manner (Supplementary
Fig. 4c). Hypo-DMSs/DMRs were significantly enriched in pathways
such as ‘oligodendrocyte specification and differentiation’, ‘dopa-
minergic neuron differentiation’, ‘axon guidance’, ‘cognition’, and

‘MAPK cascade’, with genes such as ID4, LINGO3, GAD1, GPR17 being
affected (Fig. 4a, Supplementary Fig. 5).
We next sought to assess the potential effects of differential

methylation on global gene expression. Thus, correlation analysis
was performed between differential DNA methylation and
differential expressed genes (DEG)s in (i) brain samples from
individuals with WS compared to TD controls [21], (ii) brain
samples from individuals with ASD compared to TD controls [98],
(iii) neural progenitor cells (NPCs) and neurons derived from
fibroblasts of individuals with WS compared to TD controls [99]
and (iv) brain samples from mice with Gtf2i neuronal deletion from
forebrain (referred herein as Gtf2i cKO mice), compared to controls
[21] (GeneOverlap, Fisher’s exact test for P-value and odds ratio).
Our analysis revealed a significant correlation between hypo-
methylated sites in individuals with WS compared to TD controls
and up-regulated transcripts in brain samples from individuals
with WS compared to TD controls and individuals with ASD
compared to TD controls (Fig. 3d, P-value = 0.027, P-value = 0.014,
respectively). Interestingly, these correlated transcripts were
specifically associated with OL specification/differentiation (i.e.,
LINGO3, MBP, SEMA3B, OLIG1, GAD1 and GPR17, Supplementary
Table 6). These data suggest that common pathophysiological
deficits are involved in WS and ASD that are related to neuronal
and OL functionality. Furthermore, our correlation analysis showed
that clusters of DEGs in NPCs and neurons derived from WS iPSC
compared to TD controls were predominantly correlated with
hypo-methylated sites in individuals with WS compared to TD
controls (Fig. 3d) and play a role in transcriptional regulation (i.e.,
HIC1, SP6), axonal function (i.e., SEMA3B) and structural component
of neurons (i.e., MYL9). Notably, several DEGs in Gtf2i cKO mice
compared to controls, were also correlated with hypomethylated
sites in our current study, such as Lingo3 (Fig. 4b). These data
further strengthen our hypothesis that Gtf2i neuronal deletion
might lead to alterations in the epigenome and represent some of
the pathological manifestation seen in individuals with WS.

Genes involved in social behavior, myelination and glia
differentiation present abnormal methylation patterns in
individuals with WS
Our data suggest that aberrant methylation of REs in individuals
with WS might lead to specific transcriptional dysregulation (i.e.,
ID4, GAD1, GPR17, LINGO1, LINGO3). These genes are of special
interest due to their central roles in mediating features known to
be affected in WS, especially in key processes, such as myelination,
brain development and social behavior.
In the next step, we wanted to determine whether changes in

methylation of REs affect gene expression in our datasets. Thus,
different cohort of frontal cortex (BA9) sections from the same
individuals with WS (n= 3) and TD controls (n= 5) used for the RRBS
study, were subjected to quantitative polymerase chain reaction (qPCR)
with designated primers for ID4, GAD1, GPR17, LINGO1 and LINGO3.
Importantly, since several methylated sites on RE were found to

be in opposite orientation or kilobases away from their target genes
(i.e., GPR17, LINGO1), the same samples were subjected to 3C assays
followed by qPCR (3C-qPCR) with designated primers aligning to
the promoter sites of and to the methylated RE. Due to the small
sample size, we wanted to further validate our results, and thus we
also tested the expression of these genes in Gtf2i cKO mice.
Consistent with the observed aberrant hypo-methylation on

genes promoter (Supplementary Fig. 5a and c), our analysis
revealed significant increase in ID4 (p= 0.047) and GAD1
(p= 0.006) mRNA levels in WS, as compared to TD controls
(Fig. 4a). Similarly, Gtf2i cKO mice showed a significant increase in
Id4 mRNA level (p= 0.0003) but not in Gad1 transcripts (Fig. 4b).
Hypo-methylation on the intronic part of LINGO3 was corre-

spondingly associated with higher levels of mRNA levels in both
WS patients (p= 0.015) and Gtf2i cKO mice (p= 0.0003),
compared to matching controls (Fig. 4a, b).
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Next, we characterized transcription regulation properties in
two genes of interest, GPR17 and LINGO1, which were associated
with altered methylation on RE (Fig. 3b, Fig. 4a, Supplementary
Table 4). To achieve this, we first performed 3C-qPCR assay to
measure long range interaction frequency between the gene’s
promoter and the predicated hyper- or hypo-methylated RE
(Fig. 4c, d). These loci were compared to control sites at a similar
distance and in opposite orientation. Consistent with the
significant transcriptional increase in GPR17 level in individuals

with WS compared to TD controls (p= 0.035, Fig. 4a), we identified
a significant interaction between proximal (~5 kb) hypo-
methylated site and the GPR17 promoter (Fig. 4c). Similarly, we
identified a significant interaction (measured above control loci)
between the LINGO1 gene’s promoter and the hyper-methylated
RE (Fig. 4d). Together, these results further support the idea that
altered genetics may not be the sole contributor to the WS
pathology, and suggest that transcription regulation might be
predisposed by epigenetic modifications in WS.

Fig. 3 Consulting the human brain interactome to map aberrant methylation of regulatory elements and their target genes. a Proposed
model for methylated REs in which distal RE sequences are separated from promoters, such that the rate of transcription is reduced. Loop
formations that enable physical proximity between REs and a promoter region enable RNA polymerase II (RNAPII) complexes to bind and up-
regulate transcription. DNA methylation of distal REs can disturb loop formation and alter transcription. b Annotation analysis. DMSs/DMRs in
promoters, exons, 3′ and 5′ UTRs were annotated to genes using HOMER tools. In addition, DMSs/DMRs in introns and intergenic regions were
mapped to their target genes by enhancer–promoter interactome data from Nott et al. 2019. c Gene ontology (GO) analysis of Hyper– and
Hypo-DMSs/DMRs with a list of representative genes assigned to different pathways. GO analysis was performed using Metascape and values
are presented in log(P-value) scale. d Correlation analysis was performed between differential DNA methylation and differential expressed
genes (DEGs). Transcriptional data were taken from (i) brain samples from individuals with WS [21] or autism spectrum disorder (ASD) [98], (ii)
neural progenitor cells (NPCs) and neurons derived from WS fibroblasts [99] and (iii) brain samples from mice with Gtf2i deleted from
excitatory neurons [21] and their controls. P-value (presented in numbers) and odds ratio (color scale) from Fisher’s exact were calculated by
GeneOverlap package and presented in the heatmap.
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Cell type–specific methylation analysis reveals aberrant
patterns in individuals with WS, predominantly in active
enhancers of neurons
Epigenetic modifications can be tissue-specific and play key roles
in development of the mammalian nervous system [100–102].
Importantly, emerging evidence suggests that the activity of REs
can be restricted to a particular tissue, cell type, or even to specific
physiological, pathological or environmental conditions. To study

this, we utilized previously published datasets from Nott et al.,
which defined active promoters and enhancers for major human
brain cell types [28]. This work provided us with resources to
examine cell-type specific patterns of methylation enrichment,
and to elucidate possible cell-type gene network deficiencies in
individuals with WS, as compared to TD controls.
For such analysis, we overlapped DMS/DMR location with loci

that were defined [28] as active promoters, enhancers or super-
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similar distance from the promoter region. Promoters regions are demarcated by green rectangle. Coding sequences are demarcated by light-
blue layer on top of the hg38 human genome track. IGV genome browser tracks presenting H3K27ac, which demarcate active enhancers and
promoters and H3K9ac peaks, which demarcate only active promoters. Fold ratio of interaction frequencies between methylated –REs and
promoters region is relative to interaction frequencies at random genomic loci, as indicated by the dotted line (i.e., set as 1). Data are shown as
mean ± s.e.m. a n= 5 TD controls, n= 3 WS. b n= 9 Gtf2i cKO mice, n= 11 control mice. c, d n= 3 TD controls, n= 2 WS. *p < 0.05, **p < 0.01,
***p < 0.005 t-test.
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enhancers, in four major cell types, namely, neurons, OLs,
microglia and astrocytes. Our data showed that aberrant
methylation in individuals with WS was mostly abundant in
enhancers and super-enhancers (corresponding to regions of the
mammalian genome comprising multiple enhancers in close
genomic proximity [103]), that are predominantly active in
neurons (Fig. 5a). We also observed that OLs were the cell type
second-most affected by abnormal methylation (Fig. 5a). Neurons
and OLs share a reciprocal signaling relationship, whereby
neurons send signals to OPCs and OLs to direct their proliferation,
differentiation and myelination. Reciprocally, OLs shape neuronal
axon structure and conduction as OLs extend multiple processes
that ensheath nearby axons in layers of myelin to support proper
brain development and function [104–106].
Given these results, we next performed GO analysis of genes

whose promoters, enhancers and super-enhancers were enriched

in the above-mentioned cell types (Fig. 5b; top GO pathways are
reported in Supplementary Table 7). Gene sets were unbiasedly
clustered (k-means function) based on their log(P-value) enrich-
ment patterns. In individuals with WS, as compared to TD controls,
aberrant methylation of neuron and astrocyte promoters (cluster
5) was highly enriched in components of pathways associated
with ‘synaptonemal complex disassembly’, ‘negative regulation of
excitatory postsynaptic potential’ and ‘protein ubiquitination’.
Surprisingly, pathways associated with myelination processes (i.e.,
cluster 4, ‘EGR2 and SOX10-mediated initiation of Schwann cell
myelination’, ‘negative regulation of oligodendrocyte differentia-
tion’) were primarily enriched in neurons and OL enhancers/super-
enhancers. These results are consistent with our previous results
showing that deletion of Gtf2i in excitatory neurons led to
reductions in myelin-related gene transcript levels, OL numbers,
neuronal myelination and function [21] and white matter

Fig. 5 Cell type–specific methylation analysis reveals aberrant patterns in individuals with WS, predominantly in active neuron
enhancers. a Genomic distribution of DMSs/DMRs over four major cell types. Methylated sites were overlapped with loci that were defined as
active promoters, enhancers or super-enhancers (as defined by Nott et al. [28].), in four major cell types, namely, neurons, OLs, microglia and
astrocytes. b GO analysis (Metascape) of genes whose promoters, enhancers and super-enhancers are enriched in the four major cell types
considered. Values are presented in log(P-value) scale. Gene sets were clustered according to the k-means function.
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properties [24, 25]. Our data also highlighted specific pathways
that might be impaired in OLs (Fig. 5b), such as ‘kinase activity’
(cluster 4), which was previously mentioned as one of the main
signaling pathways for OPC proliferation and differentiation into
mature myelinating OLs, and for myelin production [107–111]. In
agreement with our previous publication [21], these data support
the notion that OPC differentiation might be impaired by 7q11.23
deletion.
Together, these data imply the importance of proper neuron-

glia interactions that promote myelination and which could be
impaired in WS individuals. Last, aberrant methylation patterns
common to enhancers of all the major cell types considered here
(cluster 1), as seen in individuals with WS, were associated with
biological processes involved in epigenetic modification (H3K9
dimethylation) and the DNA damage response (Fig. 5b).

Examination of methylated risk loci from individuals with WS
identified three major gene clusters with differential
association between brain and blood samples
Lastly, we addressed previously published DNA methylation
profiles from blood samples derived from individuals with WS
[22, 23] and overlapped such profiles with those from the frontal
cortex samples we studied here (Fig. 5), given how such analysis

could promote efforts to discover potential novel biomarkers for
WS in peripheral blood and thus expand our understanding of
endophenotypes associated with WS. Despite the relatively overall
low correlation between DMS/DMR loci, we identified a few
candidate genes with high association between brain and blood
samples. Specifically, we identified 3 major clusters: (1) A hyper-
methylated cluster comprising genes hyper-methylated in both
blood and brain samples (i.e., MKNK2 and SMTN); (2) a hypo-
methylated cluster comprising genes hypo-methylated in both
blood and brain samples; and (3) an oppositely methylated cluster
comprising genes that are opposingly methylated (Fig. 6).
The hypo-methylated cluster includes the transcription reg-

ulator HOXA2, which is spatially and temporally regulated during
embryonic development [112, 113]. This gene is located on
chromosome 7 and is involved in the placement of hindbrain
segments in the proper location, as well as skeleton morphology
[114, 115]. This pattern of expression and epigenetic regulation
suggests that HOXA2 could be a potential biomarker for WS. These
results from brain tissue and blood samples support a model
whereby hypo-methylated sites can lead to up-regulation of the
relevant transcripts and thus lead to inhibition of cell proliferation.
Of the genes in the oppositely methylated cluster, we identified

TTLL8, which encodes Tubulin Tyrosine Ligase-Like Protein 8, an

Fig. 6 A comparison of methylated risk loci between brain and blood samples from individuals with WS identified three major gene
clusters. Overlap of DNA methylation profiles from blood samples [22, 23] and frontal cortex samples derived from individuals with WS.
InteractiVenn (a web-based tool for the analysis of sets drawn as Venn diagrams) was utilized to identify overlaps between names of
annotated genes and DMSs/DMRs. Three major clusters were identified; (i) A hyper-methylated cluster comprising genes hyper-methylated in
both blood and brain samples; (ii) a hypo-methylated cluster comprising genes hypo-methylated in both blood and brain samples; and (iii) an
oppositely methylated cluster comprising genes that were opposingly methylated.
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enzyme from the tubulin-tyrosine ligase-like (TTLL) family that play
essential roles in the post-translational modification of tubulin in
mammals [116, 117]. These and other post-translational modifica-
tions are vital for the formation and maintenance of the polarized
morphology of neurons. Our results showed TTLL8 to be hypo-
methylated in the brains of individuals with WS, as compared to
TD controls, and thus could be up-regulated in WS, which could,
therefore, lead to altered brain development.

DISCUSSION
Several studies indicated that transcriptional programs might be
predisposed to epigenetic changes, leading to WS pathology. This
notion was strengthened by studies that showed genome-wide
transcriptional aberration in blood cells and brain samples that
extended beyond the WSCR locus [22, 23]. Moreover, deleted
genes from the 7q11.23 region (such as GTF2I) are capable of
interacting with epigenetic modifiers from the DNMTs and TET
families, and thus play key roles in determining the cellular
epigenetic landscape.
To describe possible effects of 7q11.23 deletion on the brain

epigenome, we examined patterns of DNA methylation in brain
sections from frontal cortex of individuals with WS and TD
controls. Our data revealed vast changes in the methylome of
individuals with WS, as compared to TD controls, predominantly in
REs. Motif analysis identified two major TFs involved in neuronal
development assigned to the list of hyper-DMSs and could thus
lead to their decreased binding. The first is EGR2 (Fig. 2a), which
participates in the transcription of several genes important to
neuronal development, cognition, circadian rhythm, social beha-
vior, plasticity and myelination, including MBP, SOX10 and MAG
[83–86, 118–120]. EGR2 was reported to be critically important in
myelination in the early stages of development of peripheral
nerves, while mutated EGR2 has been identified in several myelin
disorders [86, 121]. EGR2 was found to repress genes during
peripheral nerve myelination, among them being the TF ID4
[118, 122, 123]. Previous analysis of blood samples from
individuals with WS [22, 23] also revealed enrichment of several
TFs, including EGR2. Interestingly, association networks analysis
(Fig. 2c) predicted potential physical interactions among EGR2,
GTFII-I and DNMT3B, through DNMT3L [45]. DNMT3B is a DNA
methyltransferase required for genome-wide de novo methylation
and is essential for mammalian development [124]. This methyl-
transferase interacts with TFs to promote DNA methylation at
specific sites and can interact with GTFII-I and EGR2 through a
linker protein called DNMT3L, a DNA-methyltransferase 3-like
protein [45]. As noted above, the TF EGR2 plays a pivotal role in
brain development and myelination [84–86]. Thus, it is concei-
vable that GTF2I deletion affects the dynamics of interaction with
DNMT3L, thereby perturbing the methylation landscape, and
subsequently altering downstream activation or binding of other
TFs, such as EGR2. The pool of hyper-methylated EGR2 in WS
brains, as compared to TD controls, could explain the mis-
regulation of genes important for myelination processes, which, in
turn, could lead to the myelin deficits described in our previous
work [21].
The second TF to be differentially methylated in individuals with

WS, as compared to TD controls, is TLX, which is predominantly
expressed in the central nervous system [87] and was found to
play an essential role in neurogenesis during early embryogenesis
and to perform crucial functions in regulating adult neural stem
cell proliferation and differentiation [87, 88]. Interestingly, deletion
of Tlx in mice was shown to impair adult hippocampal
neurogenesis, and affect motor, cognitive and anxiety-related
behaviors [90], while deficits in TLX are associated with several
human mental illnesses, such as schizophrenia and bipolar
disorders [89]. WS is mainly characterized by cognitive and
behavioral abnormalities, anxiety, hyper-sociability and intellectual

disability. The hyper-methylation of TLX motifs in WS tissue
samples may explain some of these features. Furthermore, we
identified an enrichment of TF-binding motifs on hyper-DMRs
(Fig. 2b), such as those that bind EGR1, SP3 and JUN, which were
previously associated with neuronal plasticity, synaptic function
and cognition [66, 91], and thus might impair the proper function
of neurons in individuals with WS, as compared to TD controls.
A growing body of literature based on studies conducted in

different animal models, tissues and cell types has reported
differential methylation not only on gene promoters but also in
intergenic regions, introns and other non-coding DNA regions
[125–129], which are capable of interacting with their respective
genes in the three-dimensional space. In this context, a
considerable number of identified DMR/DMSs were located
in introns and intergenic loci (Fig. 1c). Hence, to accurately link
DMSs/DMRs on enhancers to their target genes, and to assess the
potential effects of such methylation on transcription, we utilized
previously published human brain three-dimensional chromatin
contact maps [96]. Such analysis underscores how important
regulatory sites can be located as far as mega-bases from the
genes they affect, can be in the opposite orientation to such
genes, and can affect multiple genes at the same time (Fig. 1a).
Moreover, enhancers might also harbor binding sites for
transcriptional repressors, such that methylation of these sites
might, in turn, lead to up-regulation of gene expression.
Collectively, these data reveal another level of complexity and
further emphasize the need to study interactions between
chromatin folding and the epigenome, and the effects of such
interactions on transcription and brain functionality.
Consistent with the myelination deficits, abnormal gene

expression and behavioral phenotypes presented in WS [21, 24],
both hyper- and hypo-DMSs/DMRs were enriched in gene
pathways related to ‘nervous system development’, ‘oligodendro-
cyte specification and differentiation’, ‘trans-synaptic signaling’
and ‘learning and memory’. Specifically, we identified hypo-
methylation of ID4 and LINGO3 in individuals with WS as
compared to TD controls, which were previously shown to affect
neuronal development and myelination [72–75, 130–135]. ID4 is a
potent inhibitor [72, 130–132, 136] of gene transcription that can
affect cell type-specific gene expression during cell commitment
and differentiation [136, 137]. Specifically, ID4 was found to be
crucial for peripheral nerve myelination, as it can increase OPC
proliferation and maintain the cells in their undifferentiated state
[72, 134, 136–139]. Interestingly, EGR2, binding sites for which
were enriched in our TF-binding motif analysis, was found to
down-regulate ID4 expression levels. Thus, hypo-methylation of
ID4 can lead to its over-expression, as compared to TD controls,
which may cause inhibition of OPC differentiation in the frontal
cortex of individuals with WS, resulting in myelin impairment, as
shown in our previous work [21]. Similarly, LINGO1, a transmem-
brane protein selectively expressed in neurons and OLs, is also
characterized as a negative regulator of neuronal survival and
axonal regeneration and inhibits OPC differentiation into mature
myelinating OLs [74, 75, 133]. LINGO1 and its homolog LINGO3 are
co-expressed in the brain and physically interact with each other
[73]. Thus, LINGO3 hypo-methylation leads to its over-expression,
as compared to TD controls (Fig. 4a), which may also result in
inhibition of OPC differentiation and decreased myelination.
GAD1 encodes for the GAD67 protein, a key enzyme in the

synthesis of the neurotransmitter gamma-aminobutyric acid
(GABA). Changes in DNA methylation and reduced chromatin
accessibility of GAD1 were previously shown to decrease GAD67
protein levels in the prefrontal cortex of individuals with
schizophrenia [140, 141]. We demonstrated hypo-methylation of
GAD1 in brain tissues of individuals with WS (Supplementary
Table 3). This may lead to GAD67 over-expression, relative to TD
controls, possibly indicative of increased inhibitory activity in the
prefrontal cortex of individuals with WS. This could lead to an
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altered excitatory/inhibitory balance (known as E/I imbalance) that
can affect social behavior [4, 142–144].
We, moreover, identified gene networks that are associated

with ‘MAPK family signaling cascades’ as being altered in WS, as
compared to TD controls [145]. The proliferation, differentiation
and maturation of OPCs into mature myelinating OLs, as well as
the myelination process itself, rely on the MAPK pathway
[107–111]. One of the TFs that is activated by the MAPK pathway
is LINGO1, which is expressed in both axons and OLs [75, 146],
which, through the MAPK-RhoA signaling pathway, can inhibit
OPC differentiation and thus, potentially decrease myelination.
Together, these aberrant methylation patterns may alter OPC
differentiation, OL maturation and neuronal myelination. Abnor-
mal methylation was also found in the gene encoding for the G-
protein-coupled receptor 17 (GPR17), an OL-specific receptor that
is expressed transiently in late stage OPCs/early differentiated OLs,
and shown to regulate OPC differentiation [147, 148]. It was
indicated that GPR17 can strongly inhibit OPC differentiation and
maturation, and that it is associated with an increase in ID2/ID4
expression and nuclear localization, all of which can lead to
abnormal myelination. Together, our results emphasize the need
to further investigate the connection between changes in the
methylation of genes involved in myelination and phenotypes
observed in WS individuals [21, 118, 122].
Other than myelination deficits, we identified abnormal

methylation of the hypothalamic neuropeptide arginine vaso-
pressin (AVP) in individuals with WS, which has been repeatedly
implicated in mammalian social interactions and emotional
states that support sociality [149–154]. AVP is involved in
regulating the cardiovascular and autonomic systems, and in
social behavior and adaptive functions [155, 156]. AVP is also
involved in social cognition [152, 153, 157] and in the
pathophysiology of many psychiatric conditions that include
autism, depression, anxiety, borderline personality disorder and
schizophrenia [152, 154]. Our results showing AVP hypo-
methylation converge with previous analysis of blood and brain
[151, 158] samples from such individuals, which revealed
exceptionally high AVP values, as compared to controls. These
observations may provide further insight to the hyper-sociability
of individuals with WS.
Overall, our findings suggest that the regulation of genes

expression in WS is not affected solely by the haploinsufficiency of
genes from the WSCR but also as a result of epigenetic
modifications of genes involved in key pathways related to WS,
such as myelination, brain development and social behavior and
reinforce previous results shown by us and others.
It appears that aberrant methylations, as a result of the deletion

of the WSCR locus, differently alters the epigenetic landscape of
diverse cell types. Because we previously reported normal number
of OLs in the brains of individuals with WS compared to TD
controls [21], the altered methylation properties in OLs suggest
intrinsic changes in DNA methylation in OLs in WS.
A few studies have suggested a possible correlation between

the epigenetic landscape of the brain and peripheral tissue during
disease progression, especially in cells of the blood [159, 160]. The
identification of several putative targets may help with potentially
earlier diagnosis in cases where limited resources and knowledge
take place [161, 162], and perhaps more efficient treatment for
individuals with WS. Nevertheless, the relatively low number of
brain samples in our RRBS study, mainly due to the scarcity of WS
in the population and specifically tissue donors with WS, may raise
potential limitations. While we were able to improve our under-
standing of the genomic landscape of WS by identifying DMSs
and DMRs significantly altered in individuals with WS compared to
TD controls, further studies on the epigenome in WS using higher
number of brain samples will be valuable in order to discover
more insights on the DNA methylation changes associated
with WS.

Evaluation of the human brain is extremely valuable for
developing powerful diagnostic and therapeutic tools. Our results
elucidated new genes involved in phenotypes observed in
individuals with WS and the epigentic profiles that lead to their
dysregulation. These data further corroborate our earlier findings
on myelin deficits in WS and offer new insight into additional
genes involved in the process of proper myelination and neuronal
function.

MATERIALS AND METHODS
Brain samples
All human tissue samples were kindly provided by the NIH NeuroBioBank
at the University of Maryland, School of Medicine (NBB request #1068), in
accordance with all legal provisions and relevant ethical considerations.
Blocks of fresh-frozen control and WS human cortical brain samples from
BA9 were examined.

DNA isolation, library preparation and sequencing
DNA was isolated using a QIAamp DNA micro-kit (#-20-56304, Qiagen)
according to the manufacturer’s instructions. Briefly, samples were
incubated in lysis buffer containing proteinase K, heated and mixed in a
thermomixer at 56°C overnight until completely lysed and then combined
with buffer containing carrier RNA to increase the DNA yield. The samples
were transferred through a QIAamp MinElute column for DNA binding,
washed and eluted using an appropriate buffer. DNA concentrations were
measured uning a Nanodrop One apparatus (Thermo Fisher). RRBS libraries
were prepared using a Zymo-Seq RRBS Library Kit (Zymo) at the Crown
Genomics Institute of the Nancy and Stephen Grand Israel National Center
for Personalized Medicine, Weizmann Institute of Science. Briefly, libraries
were prepared from 100 ng of genomic DNA and quantified by Qubit
(Thermo Fisher Scientific) and TapeStation (Agilent). Cytosine-to-Thymine
(bisulfite) conversion efficiency was measured by aliquots of Escherichia
coli genomic DNA, and determined as ~98%. Sequencing was performed
on a NovaSeq 6000 instrument (Illumina) using an SP 100 cycle kit (single-
end sequencing). An average of 54.2 milion reads per sample was
obtained.

Data analysis
Trimming of Illumina adapters, as well as quality trimming, was
performed with Trim Galore, using the following options: --nextseq
--non_directional –rrbs. Reads were mapped to the human genome
(hg19) using Bismark v. 0-22-3, bowtie mode. We computed for each
sample methylation proportion (i.e., counting the number of methylated
C’s versus number of unmethylated C’s) for each one of the identified
CpG site (Bismark, methylation extractor mode, default setting). We then
measured significant changes in methylation at each CpG site between
individuals with WS and TD controls. Differential methylation of single
CpG sites (DMSs) were extracted and calculated by edgeR generalized
linear model (GLM) [76], with the recommended cutoff of at least 8 reads
per sample. In addition, we included sex and age as covariates. The
Benjamini-Hochberg multiple testing correction was applied to control
for the false discovery rate (FDR < 0.05). DMRs were extracted and
analyzed by metilene v. 0.2-8 [163]. For this analysis we used 300 bp as
the maximum distance between CpGs to be allowed in the same
segment, q-value cutoff of 0.01 and minimum average difference of 0.25.
In addition, we performed paired analyses of DMRs, comparing (i) males
to females (M vs. F), regardless of pathology; (ii) young vs. old (below
and above the age median), regardless of pathology. These datasets
were overlapped (via bedtools intersect) with the pathology comparison
(TD vs. WS). Overlapped DMRs that could be skewed by these variables
were excluded from the final list.
TF-binding motif enrichment analysis for DMSs were performed using

HOMER [164] with a window of −/+ 25 bp around the CpG.
DMSs/DMRs in promoters, exons, 3′ and 5′ UTRs were annotated to genes

using HOMER tools. In addition, DMSs/DMRs in introns and intergenic regions
were mapped to their target genes by enhancer–promoter interactome data
from Nott et al. 2019., where all cell types interactions were merged together.
Correlation analysis between differential DNA methylation and DEGs

was performed by GeneOverlap R package [165]. Transcriptional data were
taken from (i) brain samples from individuals with WS [21] or ASD [98], (ii)
NPCs and neurons derived from WS fibroblasts [99] and (iii) brain samples
from mice with Gtf2i deleted from excitatory neurons [21].
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ChIP-seq data generated in the NIH roadmap epigenomics mapping
consortium [97] were used to obtain genome-wide maps of H3K4me1
(GSM773014), H3K27ac (GSM1112810) and H3K9ac (GSM670021) profiles
in the adult mid frontal region (Brodmann area 9/46). H3K4me1 and
H3K27ac were overlapped with DMS/DMR location, via bedtools intersect.
H3K9ac peaks were used to identify promoters sites and accordingly, to
design primers for the 3C-qPCR assay.
For the cell-type specific analysis we used the enhancer or promoter

locations, provided by the original study of Nott et al. 2019. GO analysis
was performed using Metascape [166]. Integrative Genomics Viewer (IGV)
tools were used for visualization [167].

RNA isolation, cDNA preparation and real-time polymerase
chain reaction
RNA from BA9 cortex was isolated according to Kumar et al. (2021) [168] with
minor modifications, briefly: 650mg of fixed tissue was lysed in 400 µl TES
buffer (500mM Tris pH8, 100mM EDTA, 100mM NaCl, 1%SDS, 500 µgr/ml
proteinase K) and decrossed in 56 °C for 3 hours. RNA was isolated from the
lysates using TRI Reagent (Molecular Research Center) according to the
manufacturer’s instructions. RNA was reverse-transcribed to single-stranded
cDNA by Super Script II Reverse Transcriptase (Thermo Fisher Scientific) and
random primers were mixed with 1 µM gene specific primers (GSP) using a
mix of reverse primers from the quantified genes; qPCR was performed in a
CFX Connect Real-Time PCR Detection System (Bio-Rad) with PerfeCTa SYBR
Green FastMix (Quanta BioSciences). Dissociation curves were analyzed
following each real-time qPCR to confirm the presence of only one product
and the absence of primer dimer formation. The threshold cycle number (Ct)
for each tested gene (X) was used to quantify the relative abundance of that
gene using the formula 2−(Ct geneX – Ct standard). Tubulin (TUBA1B) was used as
the standard for mRNA expression. Primers used for the real-time qPCR and
gene specific amplification are listed in Table 1.

Chromosome conformation capture (3C)-qPCR
3C was performed as previously described [169, 170] with minor
modifications: fixation using 2% paraformaldehyde (Sigma) for 10min,
followed by lysis in a nuclear buffer: 0.5% Triton X-100 (Sigma), 0.1 M
sucrose (Sigma), 5 Mm MgCl (Sigma), 1 mM EDTA (Sigma), 10 mM Tris pH 8
(Sigma). After resting on ice for 20min, samples were digested using DpnII
(New England Bio Labs) for 24 h at 37 °C with shaking at 1400 rpm,
followed by inactivation for 20min at 65 °C. Next, samples were cooled on
ice and ligated with T4 DNA ligase (Invitrogen) for 22 h at 4 °C with shaking
at 300 rpm. After ligation, samples were decrossed with proteinase K
(Invitrogen) overnight at 65 °C. DNA was extracted from the samples with
DNA-purification buffers and spin columns (Cell Signaling Technology).
Interaction frequencies were measured by qPCR with forward primers
targeted to the promoter of GPR17 and LINGO1 and reverse primers
targeting methylation sites.
Control primers were also designed to assess basal interaction levels of

the promoter with non-specific loci, at the same genomic distance from

promoter as the methylation sites. The threshold cycle number (Ct) for
each tested interaction (methylation site X) was used to quantify the
relative frequency of that interaction. To validate spesific interaction, the
products of the qPCR were loaded onto a 2% agarose gel (Hydra gene) to
verify a single band at expected product length. Samples presenting a
smear or several nonspecific products were removed from the data.
Primers used for the 3C-qPCR are listed in Table 2.
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