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RESEARCH PAPER

Whole genome bisulfite sequencing of Down syndrome brain reveals regional
DNA hypermethylation and novel disorder insights
Benjamin I. Laufer , Hyeyeon Hwang , Annie Vogel Ciernia , Charles E. Mordaunt ,
and Janine M. LaSalle

Department of Medical Microbiology and Immunology, School of Medicine, Genome Center, MIND Institute, University of California, Davis,
CA, USA

ABSTRACT
Down Syndrome (DS) is the most common genetic cause of intellectual disability, in which an
extra copy of human chromosome 21 (HSA21) affects regional DNA methylation profiles across
the genome. Although DNA methylation has been previously examined at select regulatory
regions across the genome in a variety of DS tissues and cells, differentially methylated regions
(DMRs) have yet to be examined in an unbiased sequencing-based approach. Here, we present
the first analysis of DMRs from whole genome bisulfite sequencing (WGBS) data of human DS and
matched control brain, specifically frontal cortex. While no global differences in DNA methylation
were observed, we identified 3,152 DS-DMRs across the entire genome, the majority of which
were hypermethylated in DS. DS-DMRs were significantly enriched at CpG islands and de-enriched
at specific gene body and regulatory regions. Functionally, the hypermethylated DS-DMRs were
enriched for one-carbon metabolism, membrane transport, and glutamatergic synaptic signalling,
while the hypomethylated DMRs were enriched for proline isomerization, glial immune response,
and apoptosis. Furthermore, in a cross-tissue comparison to previous studies of DNA methylation
from diverse DS tissues and reference epigenomes, hypermethylated DS-DMRs showed a strong
cross-tissue concordance, while a more tissue-specific pattern was observed for the hypomethy-
lated DS-DMRs. Overall, this approach highlights that low-coverage WGBS of clinical samples can
identify epigenetic alterations to known biological pathways, which are potentially relevant to
therapeutic treatments and include metabolic pathways. These results also provide new insights
into the genome-wide effects of genetic alterations on DNA methylation profiles indicative of
altered neurodevelopment and brain function.
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Introduction

Down Syndrome (DS), which is caused by
Trisomy 21, results from an extra copy of human
chromosome 21 (HSA21). DS is the most common
genetic cause of intellectual disability and also the
most common chromosomal aneuploidy in live-
births, affecting approximately 1 in 691 in the
United States [1]. Maternal age is a risk factor for
DS with a noticeable increase occurring in mothers
greater than 35 years old [2]. The prevalence of
live births with DS has increased by 31% from
1979 through 2003 [3]. Life expectancy for people
with DS has increased rapidly from 10 years in
1960 to 47 years in 2007 [4]. Overall, individuals
with DS represent a substantial and growing

portion of the population, suggesting a need for
further study and therapeutic development for DS.

DS is characterized by distinct phenotypic traits,
which include intellectual disability, facial dys-
morphisms, short stature, congenital heart defects,
and immune system abnormalities [5]. Notably,
DS is also associated with an increased risk for
childhood leukaemia, early onset Alzheimer’s dis-
ease, and a reduced occurrence of solid tumours
[6]. An understanding of the molecular mechan-
isms downstream of the genetic underpinnings of
DS will also enable future therapeutic interven-
tions as well as an improved understanding of
the associated traits and disabilities in the non-
DS population.

Although DS is the result of the increased copy
number of a single chromosome, the regulation of
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gene expression is affected at a genome-wide level
in a wide variety of tissues [7,8]. While there is an
increase in global gene expression from HSA21 in
DS patients, not all HSA21 genes are differentially
expressed, and differential gene expression is
observed genome-wide across all chromosomes
[9–11]. An examination of fibroblasts from mono-
zygotic twins discordant for DS revealed that dif-
ferential gene expression occurred in distinct
chromosomal domains that correlated with late
DNA replication domains and lamina-associated
domains (LADs) [12]. While the positioning of
the LADs was not altered, H3K4me3, a histone
modification associated with active promoters,
was altered within the DS-associated chromosomal
domains. Further investigation into fetal skin
fibroblasts from additional sets of monozygotic
twins uncovered differential DNA CpG methyla-
tion outside of HSA21 [13]. These regions were
predominantly hypermethylated in DS, mapping
to genes involved in embryonic organ morphogen-
esis. Reprogramming of the DS fibroblasts into
induced pluripotent stem cells (iPSCs) revealed
that select DS DMRs were maintained in the plur-
ipotent state and correlated with differential gene
expression and increased expression of the DNA
methyltransferases DNMT3B and DNMT3L. Thus,
the genome-wide differences seen in DS tissues are
correlated with epigenetic modifications that may
be responsible, in part, for the establishment and/
or maintenance of differential expression of genes
outside of HSA21 in DS.

Further investigations into the epigenetic
mechanisms of DS have primarily focused on DNA
methylation, where genome-wide differences in CpG
methylation have been observed in a variety of DS
tissues [8]. Given the tissue-specific nature of epige-
netic modifications, the differences have primarily
been examined in cells and tissues relevant to DS
phenotypes. For example, differential methylation
has been observed in immune cell types in blood
[14,15] and fetal liver mononuclear cells [16] at
genes involved in the development of these cell
types. Genome-wide methylation differences have
also been observed in buccal epithelial cells, where
some of the differences were observed in genes
related to cell adhesion, protein phosphorylation,
and neurodevelopment [17]. Notably, like neurons,
buccal epithelial cells are derived from the ectoderm

and demonstrate a more similar methylation pattern
to the brain than blood [18]. Overall, the differential
CpG methylation typically appears to be related to
genes involved in early developmental processes that
are relevant to the cell type assayed.

While the CpG sites with differential methylation
in DS are primarily specific to the tissue and cell
types examined, most aberrantly methylated CpG
sites in DS are hypermethylated. For example, an
examination of DS placenta revealed global hyper-
methylation across all autosomes [19]. Placental
gene expression from HSA21 was upregulated, but
genes outside of HSA21 with promoter hypermethy-
lation in DS were down-regulated. Interestingly, the
DS-differential genes had functions related to the
immune system and neurodevelopment. Global
CpG hypermethylation (<1% difference) was also
present in both fetal (mid-gestation cerebrum) and
adult (cerebellar folial cortex and frontal cortex) DS
brain tissues as well as sorted neurons (NeuN+
nuclei) and glia (NeuN- nuclei) from adult frontal
cortex [20]. Only sorted T-lymphocytes (CD3+)
from adult DS peripheral blood failed to demon-
strate global hypermethylation. While global hyper-
methylation was observed in fetal and adult brain
tissues and cells, the majority of DS differentially
methylated CpGs were tissue/cell-type specific. DS
differentially methylated CpGs in brain tissues/cells
as well as T cells were enriched for pathways related
to their development and function. Another exam-
ination of DS fetal brain tissue (frontal and temporal
cortex) observed a trend of modest global hyper-
methylation (0.3%) as well as hypermethylation of
the clustered protocadherins, which are critical to
neurodevelopment [21]. Interestingly, two separate
studies of DS fetal frontal cortex have found that
while significant DS-differential CpGs located on
HSA21 displayed a balance of hypermethylation
and hypomethylation, the significant CpGs across
all other chromosomes were predominantly hyper-
methylated [21,22]. The DS differentially methylated
CpGs belonged to genes involved in ubiquitin
mediated proteolysis and Alzheimer’s disease path-
ways [22]. Taken together, the differences in CpG
methylation observed across a variety of DS cells/
tissues are not only relevant to early developmental
events but also appear to be maintained into
adulthood.
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Although the human DS studies discussed above
have demonstrated a genome-wide signature of CpG
hypermethylation in multiple DS tissues and cells,
they have all made use of targeted assays that do not
cover the whole genome. These targeted assays do
not include regulatory elements representative of
methylation across the entire genome nor do they
allow for the discovery of epigenetic changes to novel
regulatory regions unique to DS. Therefore, we
sought to more comprehensively examine the
methylomic signature of DS using WGBS and
a systems biology approach to understand the
impact of DNA methylation in DS cortex. Our
WGBS analysis confirms and expands on the DS
epigenomic literature by identifying a more compre-
hensive set of differentially methylated regions
(DMRs) in post-mortem DS brain. Furthermore,
a cross-analysis of our WGBS results with those
from diverse DS tissues provides convergent evi-
dence for reproducible genome-wide epigenetic
changes associated with trisomy 21 in DS.

Results

WGBS analysis of DNA methylation in DS cortex
reveals an abundance of hypermethylated DMRs

WGBS was performed on DNA isolated from 4male
DS and 5 male control post-mortem Broadman area
9 (BA9) samples (Supplementary Table 1 and
Supplementary File 1) as previously described [23].
None of the DS patients were above the age of 25 and
thus are less likely to be confounded by the methy-
lomic signature of early-onset Alzheimer’s disease
risk of DS. Copy number analysis of the aligned
WGBS data confirmed total trisomy 21 in DS sam-
ples and the absence of chromosomal aneuploidies
in control samples (Supplementary Figure 1).
Principal component analysis (PCA) of the average
methylation over 20 kb bins of CpG sites or CpG
islands alone revealed no differences in large-scale
DNA methylation profiles (Supplementary Figure
2). Furthermore, there were no significant differ-
ences in CpG or CpHmethylation at the global level.

Given the lack of global differences in DNA
methylation, we next examined locus-specific
DMRs, which represent sequences spanning sev-
eral hundred to a few thousand base pairs. DMRs
were identified through a smoothing approach

that weights CpG sites based on their coverage
(Supplementary Figure 3). CpGs with correlated
methylation values were grouped into DMRs, and
a region statistic for each DMR was estimated,
with an adjustment for age (Methods). Statistical
significance of each region was determined by
permutation using a pooled null distribution.
There were 9,376,534 CpG sites covered by
WGBS in all samples, and 100,779 testable back-
ground regions of potential differential methyla-
tion over at least 5 contiguous CpGs
(Supplementary Table 2). From this testable back-
ground, 3,152 significant (permutation p< 0.05)
DMRs were identified that distinguished DS from
control brain (Figure 1 and Supplementary Table
3). A greater number of DS-DMRs were hyper-
methylated (2,420) than hypomethylated (732).
Interestingly, the relative abundance of hyper-
methylation was consistent across every chromo-
some (Supplementary Figure 4). A modified
approach was also utilized to examine large-scale
blocks of differential methylation, where out of 87
testable blocks (Supplementary Table 4), 2 blocks
with significant (permutation p < 0.05) differential
methylation were identified (Supplementary Table
5 and Supplementary Figure 5). These significant
blocks were not in direct proximity to protein-
coding genes.

Cross-tissue analyses uncover significant overlap
of a subset of WGBS identified DS-DMRs

To compare the DMRs identified in our WGBS
study to other genomic methylome studies in DS,
we utilized previously published findings from
a pan-tissue DS meta-analysis of adult brain, fetal
brain, placenta, adult buccal epithelium, and adult
blood samples, which identified 25 genes (24 hyper-
methylated and 1 hypomethylated) with differential
methylation [8]. From a gene-centric perspective, we
observed a significant enrichment (Fisher’s exact
test, p= 0.0005, Odds Ratio = 5.5) for 12 hypermethy-
lated DMRs mapping to 8 genes in our WGBS iden-
tified DS-DMRs: GLI4 (GLI Family Zinc Finger 4),
ZNF837 (Zinc Finger Protein 837), RYR1
(Ryanodine Receptor 1), LRRC24 (Leucine Rich
Repeat Containing 24), CELSR3 (Cadherin EGF
LAG Seven-Pass G-Type Receptor), RUNX1 (Runt
Related Transcription Factor 1), UNC45A (Unc-45
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Myosin Chaperone A), and RFPL2 (Ret Finger
Protein-Like 2). Gene-specific DS methylation dif-
ferences are shown for six of these loci: GLI4,
ZNF837, RYR1, LRRC24, CELSR3, and RFPL2
(Figure 2). Notably, these pan-tissue DS-DMR asso-
ciated genes were previously identified based on
differential methylation of single CpG sites and are
consistently identified here as larger scale DMRs.

In order to compare our data at the level of
genomic sequence with background region and
GC content accommodated for, we tested our
WGBS DS-DMRs for enrichment within 12 data
sets from 7 different studies that described DNA
methylation differences between DS and matched
control tissues (Supplementary Table 6). While
both hypermethylated and hypomethylated

categories of our WGBS DS-DMRs showed signif-
icant enrichment (q < 0.05) with other studies
across diverse tissue types, hypermethylated DS-
DMRs were most frequently significantly enriched
in other studies (Figure 3(a)). Furthermore, while
there was a strong enrichment with previous stu-
dies, the majority of our WGBS-derived DS-DMRs
were novel, most likely due to the increase in CpG
coverage (> 9 million) of WGBS compared to the
much lower CpG representation in 450K or EPIC
(850K) arrays, or reduced representation bisulfite
sequencing (RRBS).

Next, to further assess tissue specificity, the WGBS
DS-DMRs were examined for enrichment in chroma-
tin states (15-state model) and (5 core) histone mod-
ifications across a variety of cell types and tissues
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represented in the 127 Roadmap Epigenomics
reference human epigenomes [24,25]. Out of these
enrichment tests (Supplementary Table 7), the hypo-
methylated DS-DMRs specifically showed significant
enrichment within H3K4me3 and H3K4me1 profiles
in brain tissues (Figure 3(b) and Supplementary
Figure 6). H3K36me3 was also enriched within the
hypomethylated DS-DMRs but not in a tissue-specific
manner.

Hyper- and hypo-methylated DS-DMRs affect
divergent brain processes and cell types

Given the observed differences between hyper- and
hypo-methylated DS-DMRs in abundance and chro-
matin enrichments, the DS-DMRs from WGBS were

separated by directionality to perform functional
annotations. When compared to background regions,
both sets of DMRs were significantly (q < 0.05) de-
enriched for sequences 1–5 kb upstream of genes,
promoters, introns, and intergenic regions. The
hypermethylated DMRs were uniquely de-enriched
for FANTOM5 permissive enhancers [26] and 3’
UTRs of genes (Figure 4(a)). Furthermore, CpG-
based annotations revealed that both hyper-
and hypomethylated DS-DMRs showed a significant
(q < 0.05) enrichment for CpG islands and
a significant de-enrichment for the CpG shelves and
open sea locations (Figure 4(b)).

Next, a combination of gene ontology, pathway,
and transcription factor motif enrichment analyses
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were performed on the WGBS identified hyper- and
hypo-methylated DS-DMRs by utilizing genomic
coordinate based approaches (Figure 5). Overall, DS-
DMR associated genes were significantly (p < 0.05)
enriched for localizations to cellular membrane and
its components. However, the significantly (p < 0.05)
enriched molecular and biological functions differed
by directionality of DS-DMRs. The hypermethylated

DS-DMRs were enriched for one-carbonmetabolism,
particularly through formate metabolism [27], and
transmembrane transport functions. In contrast,
hypomethylated DS-DMRs were enriched for
glial immune processes and proline isomerization
(Figure 5). Proline isomerization is a regulatory sig-
nalling switch with functions that span glutamatergic
signalling [28] and epigenetic modifications of the
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histone H3 tail that influence H3K4me3 [29]
and H3K36me3 [30] levels, which are two modifica-
tions found to be significantly enriched within hypo-
methylated DS-DMRs (Figure 3(b)). The significant
(p < 0.05) canonical pathways enriched for hyper-
methylated DS-DMRs were primarily related to
glutamatergic signalling, while hypomethylated DS-
DMRs were enriched for antigen presentation and
apoptosis (Figure 5). Lastly, transcription factor
(TF) motif analysis revealed a significant enrichment
(p < 0.05) of 7 motifs (MYNN, PAX3:FKHR-fusion,
NFAT:AP1, FRA2, E2F, CUX2, and JUN-AP1) for
the hypermethylated DS-DMRs and 9 motifs
(HOXA1, HOXC9, MAFK, HOXA2, GATA, DUX4,
PAX7, PRDM1, and IRF1) for hypomethylated DS-
DMRs (Supplementary Table 8). Overall, TF motifs
enriched in DS-DMRs were involved in developmen-
tal processes, although the hypomethylatedDS-DMRs

showed additional overlap with TFmotifs influencing
glia. Notably, CTCF motifs were not significantly
enriched within either set of DS-DMRs. Together,
these results reveal multiple new insights into pre-
dicted functional consequences of trisomy 21 on epi-
genetic dysregulation in DS brain, extending beyond
those of chromosome 21 copy number.

Discussion

This WGBS analysis of DMRs in DS brain confirms
and extends past DS methylation studies in other
tissues, where approaches using other methylation
platforms showed a genome-wide impact of trisomy
21. Our results offer the most comprehensive exam-
ination of the impact of trisomy 21 on genome-wide
DNA methylation patterns and identify multiple new
insights into the epigenetic mechanisms of DS brain.
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First, the DS brain methylome was characterized by
the expected abundance of hypermethylated DMRs
on all chromosomes, including HSA21; however,
there were no significant differences in global DNA
methylation. Second, our analyses demonstrate that
the hypermethylated DS-DMRs reflect both a pan-
tissue signature with brain-specific impacts on gluta-
matergic signalling, while the hypomethylated DS-
DMRs represent a more cell type specific signature

related to glia and immune dysfunction. Finally, we
demonstrate that both the hyper- and hypo-
methylated DS-DMRs are enriched for CpG islands
but de-enriched for a number of genic and regulatory
regions. Overall, these results provide confirmatory
evidence that trisomy 21 results in genome-wide epi-
genetic impacts and also offer comprehensive analyses
of the impacted genes and pathways that are of rele-
vance to DS.
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Our results are consistent with several prior DS
DNA methylation analyses. Notably, a pan-tissue
meta-analysis of DS tissues based on individual CpG
sites identified 25 genes [8], 8 of which we replicated
as larger scale hypermethylated DMRs in our dataset.
This significant overlap was represented by 12 hyper-
methylated DMRs mapping to 8 different genes with
functions relevant to neurodevelopment. GLI4,
ZNF837, and RUNX1 are transcription factors, while
RYR1, LRRC24, CELSR3, UNC45A, and RFPL2 are
involved in signal transduction. While these 8 pan-
tissue genes have been implicated in neurodevelop-
ment through DS studies [8,21,22], GLI4 [31],
RUNX1 [32], RYR1 [33], LRRC24 [34,35], CELSR
[36], and RFPL2 [37] have also been shown to be
involved in neurodevelopmental processes in non-
DS studies, confirming the impact of DS studies on
understanding general neurodevelopment. Using
a more stringent genomic coordinate-based enrich-
ment approach, we also showed strong overlaps of the
hypermethylated DMRs with 12 datasets from 7 dif-
ferent DS methylation studies. Also consistent with
the literature examining DS brain is the presence of 5
DMRs mapping to the clustered protocadherin locus
[8,20,21], which is involved in establishing the single-
cell identity of neurons [38,39].

The relevance of our findings also extends past
epigenomic studies and are complementary to those
seen in a large DS plasma metabolomics study [40].
This metabolomics study expanded on a past observa-
tion of an activated interferon response in the brain
[41] and blood [42] of DS models, which may be
explained by the presence of multiple interferon
receptor genes on HSA21. Notably, interferon signal-
ling in the brain has been shown to regulate social
behaviour [43]. In the DS plasma metabolomics
study, differential metabolite abundances
were observed for inflammatory metabolites,
L-homocysteine, the antioxidant mannitol, and sulfur
metabolism [40]. However, the most notable differ-
ence was a disrupted tryptophan catabolism that
increased the levels of kynurenine and its derivative
quinolinic acid, which is a neurotoxin that acts as an
excitotoxic agonist of glutamatergic NMDA receptors
and also plays a role in oxidative stress. The metabo-
lites listed above are compatible with the ontologies
and pathways of genes mapping to the DMRs in our
study, where they are represented by differences in
immune response, the one-carbon metabolism

(formate transport and sulfur oxidation) pathway
that establishes and maintains the epigenome, man-
nitol transport, and glutamatergic NMDA receptors
that are sensitive to the neurotoxin metabolite of the
kynurenine pathway. Overall, the above similarities
between the differences in metabolites and DNA
methylation in DS demonstrate the utility of our
approach in identifying epigenetic alterations relevant
to metabolites affecting brain function. Finally, given
the disruptions to similar pathways in the cortex and
peripheral cells, future studies would benefit from
examining neuroimmune interactions in DS.

Taken together, our WGBS results significantly
extend findings from past studies by comprehensively
demonstrating diverse epigenomic effects that result
from a single supernumerary chromosome.
Understanding how increased HSA21 copy number
directly impacts methylation across the genome will
require further investigation that builds on the
insights gained from this and other studies.
Mechanistically, there are a number of genes located
on HSA21 that belong to pathways related to DNA
methylation [8]. DNMT3L and N6AMT1 are DNA
methyltransferases, while MIS18A interacts with
DNA methyltransferases [44]. GART, CBS, and
SOD1 are involved in one-carbon metabolism,
where SLC19A1 is a folate transporter. Functional
experimentation into the cause of hypermethylation
has demonstrated a key role of the DNAmethyltrans-
ferase DNMT3L [22]. DNMT3L is catalytically inac-
tive; however, it is a regulatory factor that binds to and
stimulates the de novo methyltransferases DNMT3A
and DNMT3B [45–47]. Furthermore, immunostain-
ing suggested localization of overexpressed DNMT3L
to the nuclear lamina [22]. While these findings pro-
vide early mechanistic evidence for DNMT3L in the
genome-wide profile of DNA hypermethylation, the
genome-wide impact of DNMT3L overexpression
remains unknown.

Our results suggest the possibility that the DS brain
DNA methylation profile arises from the hyper-
methylation of chromatin states accessible to addi-
tional DNMT3L molecules. Our finding of DS-
specific DNA methylation in sequences enriched for
H3K4me3 is supported by a previous examination of
fibroblasts from DS discordant monozygotic twins
showing differential gene expression occurred in late
DNA replication and lamina-associated domains
(LADs) [12]. While the positioning of the LADs was
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not altered, the active chromatin mark H3K4me3 was
changedwithin the DS-specific chromatin domains in
that study. DNMT3L is known to interact with
unmethylated histone H3 to direct de novo DNA
methylation, which inhibits the methylation of lysine
4 (H3K4me) [48,49]. Finally, proline isomerization,
which was the top observed ontology for the genes
associated with hypomethylated DS-DMRs, is an epi-
genetic modification of the histone H3 tail that inter-
acts with H3K4me3 [29] andH3K36me3 [30], both of
which were enriched histone modifications for the
hypomethylated DS-DMRs in our WGBS analysis.
In order to further test the above hypotheses and
address the limitations of our study, future DS
WGBS studies would benefit from increased sample
sizes that allow for the technical and biological valida-
tion of these results as well as the exploration of sex as
a biological variable [50]. Future DS WGBS studies
would also benefit from an examination of fetal sam-
ples as well as functional examinations of in vivo and
in vitro models.

Overall, our novel findings add whole-genome
sequencing-level confidence to the accumulation of
evidence in the literature that the brain’s entire epi-
genetic landscape is altered in DS in a manner that is
of functional significance. Our findings extend this
observation to suggest that the alterations to DNA
methylation in DS reflect interactions with histone
post-translational modifications. Given the dynamic
nature of the epigenome, novel epigenetic editing
therapeutics targeting aberrant histone or DNA
methylation in DS could be attempted to improve
the quality of life of patients with DS. Alternatively,
the genes and pathways identified by our compre-
hensive approach could be useful in repurposing
existing drugs for use in DS. Ultimately, the study
of DS brain epigenomics is valuable not only to the
DS community but also to the broader study of other
brain disorders due to the mechanistic insight into
the role of DNA methylation in neurodevelopment
and adult brain function.

Materials and methods

Whole genome bisulfite sequencing (WGBS)

Previously published [23], 100 bp Illumina reads
sequenced on the HiSeq 2000 of frontal cortex
(Brodmann area 9; BA9) from 4 male Down

syndrome and 5 matched control samples were uti-
lized (Sequence Read Archive: SRR3537005,
SRR3537006, SRR3537007, SRR3537008,
SRR3537015, SRR3537016, SRR3536978,
SRR3536980, and SRX3630730). Alignments were
performed using the CpG_Me pipeline (https://
github.com/ben-laufer/CpG_Me). Briefly, adapters
and methylation bias (m-bias) in the 5’ and 3’ ends
of reads were removed from chastity filtered fastq files
using Trim Galore (http://www.bioinformatics.babra
ham.ac.uk/projects/trim_galore/). Given that the
reads were prepared by the traditional MethylC-seq
library preparation protocol, a preliminary examina-
tion ofmethylation bias (m-bias) guided the trimming
of 6 bp from the 5’ ends and 12 bp from 3’ ends. The
processed reads were aligned to the human genome
(hg38), deduplicated, examined for coverage, and
extracted to a CpG count matrix using Bismark [51].
Quality control and assurance (QC/QA) was per-
formed using Trim Galore, Bismark, FastQ Screen
[52], and MultiQC [53].

Bismark CpG count matrixes (merged cyto-
sine reports) were then processed to generate
permeth bed files of CpG methylation using the
Bismark_to_Permeth_DSS.py script (https://
github.com/hyeyeon-hwang/bismark-file-conve
rter). 20kb windows and read centric CpG
island windows were also created using the
scripts Window_permeth_readcentric.pl and
AvgMeth.2col.pl from WGBS_tools (https://
github.com/kwdunaway/WGBS_Tools), respec-
tively. Principal component analysis was per-
formed using ggbiplot (https://github.com/vqv/
ggbiplot). Global methylation was determined
using a repeated measures ANOVA adjusted
for age and corrected for multiple testing.
Chromosome 21 copy number was determined
by examining the coverage of 5 kb windows
using the SAM_coverage_windowed.pl script
on SAM files generated by WGBS_tools.

Differentially methylated regions (DMRs) and
blocks

DMRs were called utilizing the DMRichR work-
flow (https://github.com/ben-laufer/DMRichR).
This workflow primarily utilizes the dmrseq [54]
and bsseq [55] packages for inference of the
DMRs and the annotatr [56] and ChIPseeker
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[57] packages for gene symbol, gene region, and
CpG annotations. Briefly, CpG count matrixes
(Bismark cytosine reports) were processed to
merge symmetric CpG sites across strands and
filtered for at least 1x coverage across samples.
After filtering for coverage the majority of
CpGs in the majority of samples had greater
than 1x coverage (Supplementary Figure 3(a)),
which exceeded the minimum requirements for
DMR inference from WGBS data using dmrseq
[54]. DMRs were identified by testing for differ-
ences between DS BA9 brains and matched con-
trol BA9 brains, where the covariate of age was
directly adjusted for. Aside from setting a cutoff
of 0.05 and increasing the number of permuta-
tions to 100, DMRs were tested for using the
default parameters of dmrseq. Background
regions were defined as the testable regions for
DMR inference, which included a methylation
difference between groups, and utilized as the
candidate regions for a permutation-based analy-
sis that identified significant DMRs. Individual
smoothed methylation values of the DMRs were
generated using bsseq and utilized for the heat-
map visualization of a hierarchal clustering ana-
lysis. Blocks of differential methylation were
identified and visualized through dmrseq using
the default block parameters.

Ontology, pathway, and enrichment analyses

Genomic coordinates were lifted over to hg19 in
order to perform gene ontology and pathway analysis
by utilizing rGREAT (https://github.com/jokergoo/
rGREAT) to access the Genomic Regions
Enrichment of Annotations Tool (GREAT) [58].
For GREAT analysis, the species assembly was set to
hg19 and background regions were utilized. The
identified significant (unadjusted p < 0.05) gene
ontology terms were then slimed using REVIGO,
where the allowed similarity was set to small (0.5)
and the database with GO term sizes was set toHomo
Sapiens (http://revigo.irb.hr) [59].

Locus Overlap Analysis (LOLA; http://databio.
org/lola) was used to determine the enrichment of
DMRs, relative to background regions, for reference
epigenome histone modifications and chromHMM
chromatin states from Core 15-state model of 5
marks 127 epigenomes (http://egg2.wustl.edu/road

map/web_portal/chr_state_learning.html) [25]. The
genomic association tester (GAT; https://github.
com/AndreasHeger/gat) [60] was used for sequence
specific overlap, relative to background regions and
corrected for GC content, with regulatory features
and the other datasets, where the other data sets were
lifted over from hg19 to hg38. Ten thousand sam-
plings were utilized for all GAT analyses. Gene sym-
bol specific overlap was performed using
GeneOverlap (https://github.com/shenlab-sinai/gen
eoverlap). The Hypergeometric Optimization of
Motif EnRichment (HOMER) toolset (http://homer.
ucsd.edu/homer/motif/) was used to identify
enriched transcription factor binding sites via the
findMotifsGenome.pl script, where the region size
was set to size given, the normalization was set to
CpG content, and the background regions were bro-
ken up to the average size of the target regions [61].
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