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Abstract

Background: Hirschsprung disease (HSCR, OMIM 142623) is a rare congenital disorder that results from a failure to
fully colonize the gut by enteric precursor cells (EPCs) derived from the neural crest. Such incomplete gut coloniza-
tion is due to alterations in EPCs proliferation, survival, migration and/or differentiation during enteric nervous system
(ENS) development. This complex process is regulated by a network of signaling pathways that is orchestrated by
genetic and epigenetic factors, and therefore alterations at these levels can lead to the onset of neurocristopathies
such as HSCR. The goal of this study is to broaden our knowledge of the role of epigenetic mechanisms in the disease
context, specifically in DNA methylation. Therefore, with this aim, a Whole-Genome Bisulfite Sequencing assay has
been performed using EPCs from HSCR patients and human controls.

Results: This is the first study to present a whole genome DNA methylation profile in HSCR and reveal a decrease

of global DNA methylation in CpG context in HSCR patients compared with controls, which correlates with a greater
hypomethylation of the differentially methylated regions (DMRs) identified. These results agree with the de novo
Methyltransferase 3b downregulation in EPCs from HSCR patients compared to controls, and with the decrease in the
global DNA methylation level previously described by our group. Through the comparative analysis of DMRs between
HSCR patients and controls, a set of new genes has been identified as potential susceptibility genes for HSCR at an
epigenetic level. Moreover, previous differentially methylated genes related to HSCR have been found, which validates
our approach.

Conclusions: This study highlights the relevance of an adequate methylation pattern for a proper ENS development.
This is a research area that provides a novel approach to deepen our understanding of the etiopathogenesis of HSCR.
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bowel, resulting in severe intestinal dysfunction [1].
The disease appears either on a familial basis or sporad-
ically showing a complex inheritance pattern with low,
sex dependent penetrance and variable expression, and
may be associated with other developmental defects
[2]. Based on the length of the aganglionic region,
HSCR phenotypes are classified as: short-segment
forms (S-HSCR), which include patients with agangli-
onosis as far as the splenic flexure, long-segment forms
(L-HSCR), in which aganglionosis extends beyond the
splenic flexure and total colonic aganglionosis forms
(TCA) [3]. Such aganglionosis is caused by failures in
the proliferation, migration, differentiation and/or sur-
vival of the enteric precursor cells (EPCs) derived from
neural crest cells (NCCs), which avoid an optimal colo-
nization of the gastrointestinal tract during embryonic
Enteric Nervous System (ENS) development.

EPCs can be isolated from human postnatal intes-
tinal tissue and constitute a robust tool to study the
mechanisms implicated in the ENS and HSCR. These
cells grow in clusters known as neurosphere-like bod-
ies (NLBs) and include stem cells with their progeny
derived from the neural crest. It has been described
that EPCs contained in the NLBs can be transplanted
into the aganglionic intestine to restore their contrac-
tile properties [4, 5]. In addition, in previous stud-
ies we validated EPCs as a useful tool for the study of
the ENS and HSCR through different methodological
approaches [6, 7].

ENS formation requires a series of complex cellu-
lar events that are guided by specific molecular signals
involving both EPCs and intestinal environment, which
are finally regulated by a particular gene expression pat-
tern [8]. Accurate coordination of these processes is
critical, and failures throughout them may lead to HSCR.
For this reason, this pathology is considered as a poly-
genic or complex disease. Extensive research over the
past few decades has provided important insights about
the causes that contribute to the onset of HSCR, includ-
ing both genetic and epigenetic factors [2, 9]. Regard-
ing genetic factors, a wide spectrum of genetic variants
that affect diverse genes has been associated with HSCR,
being the RET proto-oncogene the major disease-caus-
ing gene. Nevertheless, the genetic cause of the disease
in a large portion of HSCR patients remains unknown
[2]. Therefore, a more comprehensive global perspec-
tive of the molecular basis of HSCR is demanded. In this
respect, the high genetic heterogeneity of HSCR patients
might be unraveled by the identification of new processes
involved in HSCR onset, such as epigenetic mechanisms.
Thanks to the development and implementation of high
throughput sequencing methods, this kind of mecha-
nisms can be determined like never before.
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Epigenetic mechanisms are acquiring increasing evi-
dence of playing a major role in HSCR [9, 10]. In this
sense, DNA methylation by the DNA methyltransferases
(DNMT1, DNMT3a and DNMT3b) is a well-known,
heritable, and reversible epigenetic modification essen-
tial for several cellular processes. DNMT1 represents
the maintenance methyltransferase and DNMT3a and
DNMTS3b act as de novo methyltransferases establish-
ing the methylation pattern during embryogenesis. It
has been shown that both de novo methyltransferases
are essential for a proper NCCs development [11-13],
and that DNMT3b may be regulating ENS development
through DNA methylation in the neural crest cells, sug-
gesting that aberrant methylation patterns may play a rel-
evant role in HSCR. Specifically, a lower expression level
of DNMT3b was detected in EPCs from HSCR patients,
which led to a decrease of the global DNA methylation
and the overexpression of DNMT3b target genes in these
cells, as previously was described by our group [14, 15].
Moreover, a role of DNMT3Db in the regulation of the cell
cycle by P21-P53 activity in EPCs was reported [7]. In
addition, aberrant DNA methylation patterns affecting
HSCR susceptibility genes have already been described
(RET, GFRA4, EDNRB, PHOX2B) [16-19]. Therefore,
comprehensive genome-wide DNA methylation maps
may shed light on the role of this epigenetic mechanism
in the normal ENS development and in HSCR. With this
goal, in the present study we have determined the meth-
ylation pattern required for the proper ENS development
through a Whole-Genome Bisulfite Sequencing assay
on EPCs from HSCR patients and control individuals.
We have performed a differentially methylated regions
(DMRs) analysis, which has allowed us to identify a set
of genes potentially controlled by dynamic changes of
DNA methylation on clusters of CpGs during ENS devel-
opment, as well as potentially implicated in HSCR onset
through this epigenetic mechanism.

Results

HSCR-patients exhibit significantly different methylation
patterns in a CpG context

To investigate genome-wide DNA methylation pat-
terns at single base pair resolution in HSCR patients,
we generated WGBS data from five HSCR cases and
three controls. These HSCR patients were selected
because the genetic cause of the disease has not been
detected or because it was necessary to study other
factors involved in the disease to explain the HSCR
phenotype. A total of 294 x 10° reads was obtained,
of which 80.48% (236 x 10°) were aligned to the ref-
erence genome. Alignment information is reported
in Additional file 1: Table S1. As a result, an average
of 788 x 10° cytosines susceptible to methylation was
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analyzed per sample, which can be found in differ-
ent nucleotide contexts (CpG, CHG or CHH). In this
sense, 4.66% of all cytosines susceptible to methylation
were methylated. In agreement with our results, where
we found a higher frequency of methylation in CpG
context, DNA methylation occurs more frequently
in CpG context than in non-CpG context. In HSCR
patients, cytosines in CpG context displayed a lower
degree of methylation compared to controls (p value
0.0318). Significant differences in mean methylation
were detected in HSCR patients compared to control.
HSCR patients had an average of 66.8% of all cytosines
within CpG context methylated, whereas controls had
72.2% of their cytosines methylated (Fig. 1a). In con-
trast, no changes in DNA methylation were observed
in CHG and CHH context (Fig. 1b). A methylation
summary of all samples is shown in Table 1.
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Identification of differentially methylated regions reveals
HSCR-specific methylation patterns

DMRs, which comprise clusters of methylated CpG sites,
have considerable implications for disease compared
with single CpG sites [20]. Therefore, to gain further
insight into the biological relevance of DNA methyla-
tion in HSCR context, DMRs in patients were identified,
as well as their relation to different genomic regions. As
a result, a total of 3363 DMRs were identified, includ-
ing 2953 DMRs hypomethylated and 410 DMRs hyper-
methylated (Additional file 2: Table S2). The distribution
of DMRs overlapped mainly with CpG_inter (24.8%),
introns (16.1%) and intergenic (14.9%), being the DMRs
overlapped with introns the most frequent localization
according to gene regions (Fig. 2a, b). Using £ value as a
proxy of DNA methylation level, we identified a marked
presence of hypomethylated DMRs compared to hyper-
methylated regions in all genomic regions as well as in
all chromosomes (Fig. 2c—d). In addition, we found that
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Fig. 1 Methylated cytosine percentage in HSCR and control EPCS. a Methylated cytosine percentage at CpG context. b Methylated cytosine

Table 1 Number of methylated and unmethylated cytosines in different cytosine contexts in all individuals analyzed

C’sin CpG C’sin CHG C’siin CHH
Methylated ~ Unmethylated ~ Methyl- Methylated ~ Unmethylated ~ Methyl- Methylated ~ Unmethylated ~ Methyl-
Percentage Percentage Percentage

Control 1 30,050,265 12,167,840 71.18 1,875,285 179,873,431 1.03 4,413,390 551,578,346 0.79
Control 2 42,090,795 15,969,095 725 2427147 243,349,625 0.99 4,814,247 736,235,146 0.65
Control 3 29,493,831 10,880,970 73.05 1,942,648 167,719,335 1.15 3,745,346 498,358,157 0.75
HSCR 1 26,349,464 13,484,402 66.15 1,747,722 165,419,793 1.05 3,449,030 494,957,852 0.69
HSCR 2 25,597,701 11,573,819 68.86 1,571,162 158,245,790 0.98 3,528,819 489,494,356 0.72
HSCR 3 34,443,644 16,189,793 68.03 2,056,259 205,334,287 0.99 4,515,296 613,140,567 0.73
HSCR 4 31,488,581 13,139,219 70.56 1,946,809 178,421,845 1.08 4,014,891 523,242,181 0.76
HSCR 5 26,623,246 17,3083814 60.6 1,922,228 175,652,489 1.08 4,181,687 519,142,086 0.8
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Fig. 2 The whole genome DNA methylation landscape of HSCR patients. a, b Distribution of DMRs throughout each genomic region and across
gene elements, respectively. ¢ Distribution of hypermethylated and hypomethylated DMRs in each genomic region. d DNA methylation level

by annotation type throughout each chromosome. The red dashed line represents an unaltered methylation state (8 =0). Negative values of §
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centromere. f Distribution of DMRs according to chromosomes
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most DMRs were located close to the centromere region
(Fig. 2e). We also examined the distribution of DMRs by
chromosomes, and we observed that DMRs are distrib-
uted across all chromosomes. Chromosomes 1 and 2 had
the highest presence of DMRs (Fig. 2f). Due to the ran-
dom X-chromosome inactivation events in female cells,
we assume that there might be more background noise
in the analysis of the sexual chromosomes, which would
allow fewer DMRs to be detected. Therefore, in general,
these DMRs are hypomethylated, which agrees with the
lower DNA methylation level detected at single cytosine
resolution.

GO term enrichment in DMRs based on different gene
region locations

Since DNA methylation in different genomic regions
exerts different influences on gene activities, we carried
out a Gene Ontology enrichment analysis by Metascape
to explore DMRs located in different genomic regions.
Interestingly, embryonic morphogenesis (G0O:0048598)
was a GO Biological process shared among the DMRs
located within 1 to 5 kb, promoters, exons, and introns.
Specifically, the DMRs overlapping with 1 to 5 kb are
related to GO terms associated with embryonic and ana-
tomical morphogenesis (GO:0048729, GO:0060485, GO:
2000027) and regulation of neuron differentiation and
apoptosis  (GO:0045664, GO:0045665, GO:0043523).
Promoters are related to regulation of apoptotic pro-
cesses (GO:0043524, GO:0040365), exons to cell
signaling  (G0:0007169, GO:0007264, GO:0018108,
G0:0098662, GO:0043087), and intra and extracellular
organization (GO:0051129, GO:0043062, GO:0030036),
and lastly, introns to synapsis and dendritic associated
processes (GO:0050808, GO:0050804, GO:0016358), and
cell signaling (GO:0007264, GO:0043087 GO:0098662,
GO0:007169, GO:1905114, GO:0034762) (Additional
file 3: Table S3). These results show that the distribu-
tion of DMRs is not random, but there is an enrichment
across biologically relevant genomic regions.

Comprehensive analysis of the differentially methylated
genes in HSCR patients

We studied methylation based on annotation to genes
to gain further insight into the methylation state in sus-
ceptibility genes for HSCR already known, as well as to
identify new potential susceptibility factors for HSCR.
As a result, 1683 genes were identified, including 1345
hypomethylated genes and 338 hypermethylated genes
(Additional file 4: Table S4). There are also some DMRs
overlapping miRNA and IncRNA (45 and 151, respec-
tively), indicating that DNA methylation may affect ENS
development by regulating other epigenetic factors. Next,
we performed a functional enrichment analysis using
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Metascape to assess whether the DMRs related genes
were functionally linked to enteric ganglia loss. Interest-
ingly, we found GO terms and pathways implicated in
Nervous System developmental processes, such as homo-
philic cell adhesion (GO:007156), cell part morphogen-
esis (GO:0032990), synapse organization (GO:0050808),
brain development (GO:007420), Neuronal System
(R-HSA-112316), regulation of neuron differentiation
(GO:0045664), embryonic morphogenesis (GO:0048598),
trans-synaptic signaling (G0O:0099537), negative regula-
tion of cell differentiation (GO:0045596), dendrite devel-
opment (GO:0016358), among others enriched terms
(Fig. 3a). This result supports that aberrant DNA meth-
ylation in genes that controls Nervous System develop-
mental processes such as neurogenesis, synapsis and
cell adhesion may contribute to HSCR onset. This analy-
sis allowed us to obtain the network of enriched ontol-
ogy clusters, where two main networks were detected
(Fig. 3b). The main network is related to neural devel-
opment, including regulation of neuron differentiation
(GO:0045664), dendrite development (GO:0016358), cell
part morphogenesis (GO:0032990), synapse organization
(GO:0050808), trans-synaptic signaling (G0O:0099537),
regulation of hormone level (GO:0010817), inorganic
cation transmembrane transport (GO:0098662), nega-
tive regulation of cell differentiation (GO:0045596) and
Neural System (R-HSA-112316). The other main net-
work is mainly related to embryonic morphogenesis
(GO:0048598). A set of genes were grouped into these
categories, which are key functions for ENS develop-
ment. Therefore, these genes may be considered as prom-
ising candidates according to their biological processes
(Additional file 5: Table S5).

We then wondered if some of the genes with DMRs had
an implication already known in ENS or HSCR onset.
With this aim, an automatic bibliographic search of their
involvement in such processes for these genes, as well as
non-automatic review of the outcomes was performed.
Consequently, 55 of these genes have been found to be
associated with the manifestation of HSCR and 31 to
ENS. It should be noted that 41 and 24 of the genes previ-
ously related to HSCR onset and ENS, respectively, were
included in the group of genes considered as promising
candidates based on their GO analysis, which strength-
ens the candidacy of these genes as potential genes asso-
ciated with the pathology (Additional file 5: Table S5). In
order to clarify the methylation pattern required for cor-
rect ENS development, we analyzed in detail the DNA
methylation level within these 55 susceptibility genes for
HSCR already known. Consequently, 40 of these genes
were hypomethylated and the remaining 15 were hyper-
methylated in HSCR patients. It should be mentioned
the identification of well-known susceptibility genes for
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HSCR as hypomethylated genes, such as GDNF, GFRAI
and SOXS8, or hypermethylated such as ECEI (Table 2).

Discussion

Studies dedicated to provide a detailed map of epig-
enomes in normal and pathogenic states are crucial to
understand many human diseases. This study supplies
valuable insights into HSCR pathogenesis, including the
first comprehensive DNA methylation analysis of HSCR
patients. Consequently, a lower DNA methylation located
in CpG context was detected in HSCR patients EPCs,
which correlates with the downregulation of DNMT3b
and lower global methylation level detected by a colori-
metric method previously described in HSCR patients
[14]. In addition, according to the literature, most DNA
methylation was detected on CpG sites, although meth-
ylation in non-CpG context was also detected. DNA
methylation in non-CpG context has been described in
embryonic stem cells and plays a role in the maintenance
of the pluripotent state [21]. Therefore, it is expected that
such methylation may also occurs in EPCs.

Only CpG sequences have been used to detect DMRs.
We identified 3363 DMRs from HSCR patients, and most
of them were hypomethylated. These DMRs overlapped
with 1683 genes, and interestingly, these genes were sig-
nificantly enriched in functions and pathways related to
several neural developmental processes. This suggests
that DNA methylation influences the regulation of genes
with a role in essential processes for proper ENS devel-
opment. Among the genes with DMRs, 55 and 31 genes
have previously been associated with HSCR onset and
ENS, respectively. Most of them were included in the
gene list of promising candidates according to the enrich-
ment analysis, suggesting the efficiency of the approach
carried out to identify potential HSCR-associated genes.
Together, these data showed novel HSCR-related changes
in DNA methylation that further support an important
role for epigenetics in ENS development. Hence, it can
be postulated that aberrant methylation patterns in genes
with a major role during this process may contribute to
a dysfunction of these genes, and ultimately to HSCR
onset.

It should be mentioned that most DMRs were located
close to the centromeric regions. Centromeres are built
from repetitive sequences and transposable elements,
and DNA methylation at these regions is essential for
the establishment and maintenance of genomic stabil-
ity [22]. Loss of centromeric methylation may cause an
increased rate of recombination of centromeric repeats,
displacement of methyl-binding proteins, an increased
production of repetitive sequences leading to genomic
instability, and chromosome segregation errors [22].
An example of the importance of centromeric DNA
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methylation in maintaining genomic stability is ICF
(Immunodeficiency, Centromeric instability, Facial
anomalies syndrome). ICF is a rare autosomal reces-
sive disease characterized by a lack of DNMT3b activ-
ity, which causes a DNA methylation depletion, which
further leads to reactivation of transposons [22]. The
reduced DNMT3b mRNA and protein levels detected
in HSCR-EPCs [14], in addition to DNA hypomethyla-
tion detected around centromeric regions in the cur-
rent study, suggest that alterations at this level could be
contributing to HSCR onset.

DNA methylation is frequently described as a silencing
label, however, several studies have shown that its func-
tion changes with genomic context and is more complex
than we thought at first [23, 24], even may depend on
transcript type, expression level and distance from the
transcription start site [25]. Therefore, understanding the
functions of DNA methylation is necessary for interpret-
ing changes in DNA methylation in diseases.

DMRs overlapping with genes bodies (gene region past
the first exon) may have important roles in transcription
elongation and alternative splicing [24]. Moreover, sev-
eral studies suggest that DNA methylation of the gene
body is associated with a higher level of gene expres-
sion in proliferative cells [23, 26]. Indeed, these regions
were overrepresented in our DMRs associated with gene
elements (introns 26.7%; exons 13.6%). Moreover, it is
worth mentioning that we found that 7.7%, 7% and 3.1%
of these DMRs, were detected in promoters, first exons,
and enhancers, respectively. DNA methylation located
at promoter, the first exon and enhancer regions are
often related to repression of transcription [24, 27, 28].
It is possible that transcription factors bind to DNA in a
hypomethylated state, whereas they may not bind in the
cells with methylated DNA [25, 28]. In addition, the GO
enrichment analysis showed embryonic morphogenesis
(GO:0048598) as enriched Gene ontology term, as well
as some differences between gene elements. Specifically,
the DMRs within 1 to 5 kb seem to be more related to
genes with a role embryonic morphogenesis and neuron
regulation, promoters to apoptotic processes, exons to
cell organization, and introns to synapsis and dendritic
associated processes. Regarding our results on DNA
methylation in HSCR related genes already known, the
most frequent differentially methylated gene element
is gene body (exons and introns), although promoters,
5'UTR, 3’UTR and upstream regions (1 to 5 kb) were
differentially methylated as well. Therefore, it seems
that the methylated cytosines in different gene elements
have different functions and future efforts aimed at deci-
phering the potential functional consequences of DNA
methylation in DMRs related genes in HSCR patients are
necessary.
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In recent years, a growing number of studies have
shown that non-coding RNAs (ncRNAs) play a signifi-
cant role in HSCR onset [29]. Since the main goal of this
study is to further clarify the epigenetic basis of HSCR,
we decided to further examine the DMRs associated with
ncRNAs. In this sense, we found that some DMRs genes
are miRNA and IncRNAs, indicating that DNA meth-
ylation may affect ENS development by regulating other
epigenetic factors. Among them, two IncRNA (MEG3
and AFAPI-AS) and one miRNA (MIR195), have previ-
ously been identified as potential susceptibility genes for
HSCR [29-32]. Moreover, it should be noted that these
ncRNAs (MEG3, AFAPI-AS and MIR195) were included
in the gene list of promising candidates according to the
enrichment analysis. It should be mentioned that two
differentially methylated genes encoded for IncRNAs
previously described as potential genes with a role dur-
ing ENS based on their expression in human EPCs (IPW
and NR2F1-ASI) [29]. It has been reported an aberrant
expression level of MEG3, AFAPI-AS and MIR195 in
gut tissues from HSCR patients, which suppressed cell
migration and proliferation [30-32]. In addition, MEG3
was also reported as potential susceptibility factor for
HSCR by our group based on an increase at transcript
level of MEG3 in HSCR EPCs and potential pathogenic
rare variants in its sequence carried by HSCR patients
[29]. In the current study, an aberrant hypomethylation
level was detected in MEG3 and AFAPI-AS, IPW and
NR2F1-AS1, whereas MIR195 was detected as hyper-
methylated gene in HSCR EPCs. Therefore, the relation-
ship of DNA methylation and ncRNA may be worth a
more detailed study.

Conclusions

We have carried out the first whole genome DNA meth-
ylation study of HSCR, which demonstrates that the
genome of HSCR EPCs is predominantly hypomethyl-
ated. This study identified novel HSCR-related changes in
DNA methylation that support an important role for epi-
genetics in ENS development and could also explain the
incomplete penetrance observed in most HSCR cases.
As the first step to elucidate the biological role of DNA
methylation in EPCs, this data supplies important infor-
mation for further insight into the regulatory functions of
DNA methylation in HSCR.

Methods

Generation of NLBs from human EPCs

Postnatal human EPCs were extracted from ganglionic
gut tissue of five non-related patients diagnosed with
sporadic S-HSCR through the histopathological evalu-
ation of a colon biopsy (male: female=3:2). No vari-
ants in the HSCR associated genes have been detected
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in four of these patients. A RET variant (c.3185A>G,
p.Tyr1062Cys, dbSNP: rs587778659) was detected in one
of these patients, which was inherited from his healthy
father [33]. Therefore, the presence of the variant in other
unaffected relatives confirms its incomplete penetrance,
and the study of other factors involved in the pathogen-
esis of the disease in this patient is still necessary. In addi-
tion, three patients with other gastrointestinal disorders
such as anorectal malformations and enterocolitis were
considered as controls (male: female =1:2). The age range
of the subjects studied was from 3 months to 3 years. The
extraction and growth in culture of human EPCs were
performed as previously described our group [6]. Writ-
ten informed consent for surgery, clinical and molecular
genetic studies was obtained from the guardians of all
patients. The study was approved by the Ethics Commit-
tee for clinical research of the University Hospital Virgen
del Rocio (Seville, Spain) and complies with the tenets of
the declaration of Helsinki.

Whole-genome bisulfite sequencing assay (WGBS)

Library preparation

DNA extraction from EPCs was performed by Mas-
terPure” Complete DNA and RNA Purification Kit
(Lucigen, Wisconsin,USA). Then, Bisulfite conversion of
genomic DNA samples (100 ng) was carried out using
EZ DNA Methylation-LightningTM Kit (Zymo Research,
California, USA). The quality of denatured DNA was
evaluated using a RNA Pico Chip on Agilent 2100 Bio-
analyzer (Agilent Technologies, USA). Library prepa-
ration of the extracted and bisulfite modified DNA was
performed using TruSeq DNA Methylation kit (Illumina,
USA). Libraries were assessed for quality assurance using
the Qubit High-Sensitivity DNA kit on Agilent 2100 Bio-
analyzer (Agilent Technologies, USA). Libraries typically
showed a broad size distribution~150-1000 bp, with
median library sizes of 260—380 bp. All procedures were
performed following the manufacturer’s instructions.

Next-generation sequencing

Libraries generated with DNA fragments from five HSCR
patients and three controls were pooled, diluted to a final
concentration of 2.5 nM, and sequenced on the Illumina
HiSeq3000 sequencer in 150 bp paired-end mode (Illu-
mina, USA).

WGBS analysis

Reads were converted to fastq format using bcl2fastqc
v. 2.19.1.403. Read quality was assessed through FastQC
v0.11.7. Fastq Reads were trimmed with Trimmomatic
v0.36 [34] with a minimum length cut off of 45 bp, and
with a minimum quality cut off of 25 bp. After trimming,
mapping and methylation calls were done using Bismark
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v0.19.1 [35] (GRCh38 as reference genome). DMRs were
subsequently identified by dmrseq v0.99.0 [36] with a
p value threshold of 0.05 in two sets of comparisons
(HSCR and control cases). DMRs are regions (clusters of
nearby CpGs) with systematic differences in methylation
between groups, as compared to within-group variabil-
ity. The package dmrseq provide an accurate two-stage
method that detects candidate regions based on consist-
ent evidence of differential methylation between groups
as a first stage and evaluates statistical significance at
the region level while accounting for known sources of
variability as a second stage. Once candidate DMRs are
identified, a statistical analysis for each candidate region
is performed to estimate region-level statistics, which
consider variability between biological replicates and
spatial correlation among neighboring loci. Therefore, to
identify candidate DMRs the methylation proportion dif-
ference (p) between samples is estimated from the pro-
portion of methylated reads for each locus and condition.
Local-likelihood smooth [37], which gives more weight
to highly covered regions highly represented within a
condition, is used to minimize false positive assignations.
Thus, negative values correspond to hypomethylated
regions, and positive values to hypermethylated regions.
Significance of each region (p-value) was assessed by
permutation testing of a pooled null distribution, which
can be generated from as few as two biological replicates.
FDR (q-value) is controlled using the procedure of Benja-
mini and Hochberg [38].

DMRs were annotated by annotatr v3.10 [39] to gene
context and CpGs (CpG islands, CpG shores, CpG
shelves, Cpg inter). Therefore, we defined 13 types of
DMRs (cpg_islands/cpg_inter/cpg_shelves/cpg_shores/
enhancers/1to5kb/3UTRs/5UTRs/exons/firstexons/
introns/promoters/intergenic), which can be hypometh-
ylated (8<0) or hypermethylated (3>0). According to
the distance to CpG islands, different regions were con-
sidered, cpg_inter (more than 4 kb), cpg_shelves (2—4 kb)
and cpg_shore (up to 2 kb). Each DMR was annotated
based on its position in relation to all contexts previously
mentioned; hence, one DMR can have multiple annota-
tions. Additionally, in order to comprehensively analyze
and interpret the data, the statistically enriched biologi-
cal processes of each genomic annotation, as well as of
all differentially methylated genes were calculated using
Metascape [40]. Through this analysis, we first identified
all statistically enriched GO terms, which were then hier-
archically clustered into a tree based on Kappa-statistical
similarities among their gene memberships. Then, 0.3
kappa score was applied as the threshold to cast the tree
into term clusters. Then, a subset of representative terms
from this cluster was selected and convert them into a
network layout. The network is visualized with Cytoscape
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(v3.1.2). One term from each cluster is selected to have
its term description shown as label.

Bibliography search

With the aim to gain a deeper understanding of how
DNA methylation changes during ENS development may
contribute to the onset of HSCR, we performed an auto-
matic bibliographic search for the DMR genes detected
in the WGBS analysis. To do this, a proprietary script
that uses the Pubmed API to search for terms of interest
in the abstracts available in Pubmed, was applied for each
DMR gene (Hirschsprung disease and Enteric Nervous
System) (Additional file 6: Text S1). Then, the selected
papers were reviewed to select those genes with a solid
role in any of the processes of interest based on expert
judgment.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-021-01040-6.

Additional file 1 Table S1 Alignment with GRCh38 as the reference
genome of all individuals (five HSCR patients and three controls).

Additional file 2 Table S2 DMRs identified in HSCR patients versus
controls.

Additional file 3 Table S3 Top 20 enriched biological processes of the
DMRs located according to different gene regions (1to5kb, promoters,
exons, and introns). % is the percentage of all the user-provided genes
that are found in the given ontology term. Log10(P) is the p-value in log
base 10. Log10(q) is the multi-test adjusted p-value in log base 10.

Additional file 4 Table S4 Differentially methylated genes in HSCR
patients versus controls.

Additional file 5 Table S5 Genes considered as promising candidates
according to their biological processes. Genes in green were detected
by GO analysis into the main enriched ontology clusters and previously
described their involvement in HSCR. Genes in gray were detected by
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