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Supplementary Phenotype data

Epivariants:
chr13 hypermethylation and X;13 translocation: Individual T25808
Individual T25808 had hypermethylation along the chr13q and a corresponding translocation
46,XX,1(X;13)(928;914.2). This girl died at 7 months with the epilepsy syndrome of Epilepsy of
Infancy with Migrating Focal seizures. Her development slowed from 6 weeks of age with loss of
head and trunk control and decreased interaction. Explosive onset of focal seizures occurred at
at 5.5 months, resulting in a 7-week admission until she died. EEG showed multifocal and
generalized epileptiform activity; seizure recordings showed ictal migration between
hemispheres. MRI was normal at 6 months. T25808 did not have any reports of retinoblastoma.
The clinical spectrum of chromosome 13 copy number variation underscores its dosage
sensitivity. For instance, individuals with Trisomy 13 typically have multiple congenital anomalies,
including heart defects, microphthalmia, polydactyly, cleft lip/palate, hypotonia, and severe
intellectual disability’. Many individuals born with Trisomy 13 die in the first year of life. Individuals
with partial monosomy 13 have been reported to have multiple congenital anomalies, craniofacial
differences, intellectual disability, and retinoblastoma. While partial monosomy 13 is more like
Individual T25808, her chromosome 13 hypermethylation and any subsequent deactivation is
dependent on X chromosome inactivation, and, therefore, would not be uniform throughout all
cells. Interestingly, another individual with a balanced X;13 translocation of a similar region to our
case [46,XX,t(X;13)(q28;q14.1)] had failure to thrive, developmental delay, and unilateral

retinoblastoma, without seizures?.

CSNK1E hypermethylation/repeat expansion:

Family 1: Individual T1440
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Individual T1440 had harbor hypermethylation of the 5’UTR and intron 1 of CSNK7E due to an
underlying repeat expansion. T1440 is a male (with an unaffected dizygotic male twin). He
presented with a brief <1 minute tonic-clonic seizure at 5 years. He had 5-15 second staring spells
at 6 years that resolved with valproic acid. He had learning difficulties noted at 4 years, and
developmental regression at 5 and 6 years with loss of understanding of his name or instructions,
and his speech deteriorated to monosyllabic words. MRI showed a right frontal venous angioma
and diffuse bilateral parietal parenchymal loss. EEG showed bilaterally synchronous slow spike-
wave activity in about 50% of the sleep recording. Individual T1440’s mother also has
hypermethylation and repeat expansion in CSNK71E; she has no known epilepsy or

neurodevelopmental symptoms.

Family 2: Individual 34167

Individual 34167 had hypermethylation of the 5UTR and intron 1 of CSNK7E and is a female with
moderate intellectual disability who had onset of epileptic spasms around 9 months. She had
apparently normal development until seizure onset, at which time speech (babble) and motor
milestones (sitting, rolling) were lost. Epileptic spasms occurred in clusters associated with sleep.
They had flexor semiology, and initially responded well to ACTH. Recurrence of epileptic spasms
and onset of tonic seizures occurred at 18 months. At the last evaluation (12 years old), seizure
burden had been stable since the age of 3.5 years (4 clusters per month/1 per week). MRI was
normal. EEG findings included generalized spike wave, poly spike and slow wave, multi-focal
discharges, and abnormal background prior to initiation of ketogenic diet, which resulted in a

reported 90% improvement of the EEG.

Family 3: Individual UDN821227
Individual UDN821227 was found to harbor hypermethylation of the 5UTR and intron 1 of

CSNKTE due to an underlying repeat expansion. UDN821227 is a male with seizure onset around
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3-4 years leading to developmental regression. Epilepsy includes drug-resistant seizures (tonic-
clonic, myoclonic, atonic, and absence) with continuous spike and slow waves during slow sleep
on EEG. He is described as having mild intellectual disability, gastrostomy tube placement at 3-
years-old, poor speech, failure to thrive, abnormality of the uvula, abnormal epiglottis morphology,
asthma, sleep apnea, restless sleep, history of gastroesophageal reflux, and recurrent infections.
He has a diagnosis of Lennox-Gastaut syndrome.

Individual UDN821227’s mother, who also has hypermethylation and a repeat expansion
in CSNK1E, has no seizure history but has neurodevelopmental, cognitive, and sleep findings.
She has a history of learning difficulties, including dyslexia, requiring placement in a special needs
classroom from 4" grade onward. She reports speech difficulties, including slurred words and
finding the right words. She also reports significant difficulties with sleep, including falling asleep
and nighttime wakefulness that impact quality of life and daily functioning. MRI brain is reported

as normal.

DIP2B hypermethylation/repeat expansion: Individual 8245

Individual 8245 had hypermethylation of the promoter region and exon 1 of DIP2B. He is a male
of normal intellect with short stature (Patient 8245%). He had Epilepsy with myoclonic-altonic
seizures (EMATS), preceding febrile seizures, generalized tonic-clonic seizures (GTCS), atonic
and absence seizures, with seizures settling at 13 years. Hypermethylation was also present in
his unaffected mother.

Individuals with hypermethylation and CGG-repeat expansion in the DIP2B gene have
widely variable features including, developmental delay, learning disabilities, seizures,
craniofacial differences, and recurrent infections*. Of note, apparently healthy or unaffected
individuals have also been found to have hypermethylation of this region with a population
frequency of ~0.1%. Given the relatively high population frequency and inheritance,

hypermethylation as a cause for this individual’s phenotype is unclear.
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BCLAF3 hypermethylation/repeat expansion: Individual 33109

Individual 33109 was found to harbor hypermethylation in exon 1 of BLCAF3 due to an underlying
repeat expansion. Individual 33109 is a male with focal developmental and epileptic
encephalopathy, moderate intellectual disability, and autism spectrum disorder. He had normal
development until seizure onset with tonic-clonic seizures at 3 years when development slowed.
He had developmental regression at 4 years. He had drug-resistant epilepsy, including convulsive
status epilepticus (3 years 10 months), focal tonic seizures and focal clonic seizures (4 years 2
months), atypical absence seizures (4 years), atonic seizures (5 years 8 months), and focal
impaired awareness seizure (7 years). EEG showed a slow background with multifocal
discharges.

In a previous sequencing analysis, an inherited SCN1A variant
(NM_001165963.4:c.4096G>A, NP_001159435.1:p.Val1366lle) was detected in 33109, his
affected brother, and his unaffected mother. His 7-year-old brother had drug-responsive tonic-
clonic seizures between 3 and 5 years of age with a normal EEG and MRI. He has normal
cognition with autistic features. As the proband's mother is unaffected, the proband and his
brother's phenotype are not consistent with SCN1A, and the variant is present in 5 individuals in

gnomAD, it is thought that the SCN1A variant alone is not the cause of 33109’s phenotype.

STX1B hypermethylation/deletion: Individual 7067 and family

This family with Genetic Epilepsy with Febrile Seizures plus (GEFS+) had 7 affected individuals,
with 5 undergoing molecular testing; there were another 7 more distant individuals with an
unconfirmed history of seizures (Pedigree in Figure Supplementary Figure 12A). The proband
(7067) is a male with Epilepsy with Myoclonic-Atonic Seizures (EMALS) that evolved to Lennox-
Gastaut syndrome in the setting of moderate intellectual disability, autism spectrum disorder and

obstructive sleep apnea. At 14 months, he presented with GTCS and myoclonic seizures.
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Convulsive status epilepticus occurred once at 18 months. Myoclonic-atonic, absence and tonic
seizures began at 2 years and non-convulsive status epilepticus at 12 years. Development was
normal prior to seizure onset, when he became more withdrawn. Seizure exacerbation at 4 years
was associated with regression in writing his name. At 7 years, his EEG showed generalized
polyspike-wave activity associated with myoclonic seizures. At 38 years, video-EEG monitoring
captured slow spike-wave increasing in sleep, generalized paroxysmal fast activity, frequent tonic
seizures with prominent apnea, atonic and clonic seizures. Neuroimaging (MRI and CT-brain)
was normal. Dysmorphic features included lumbar lordosis, clinodactyly, large flat feet with
prominent toes, and a large capillary haemangioma over the lumbar spine.

His sister (7068) had EMAtS and mild intellectual disability. She had GTCS with fever at
6 weeks. Later she had afebrile GTCS at 28 months, then developed myoclonic-atonic and
absence seizures at 4 years. At 10 years, she developed focal impaired awareness seizures and
non-convulsive status epilepticus. Development was always delayed and regression occurred at
8 years old on carbamazepine. An EEG at 12 years showed background slowing and generalized
epileptiform activity. CT-brain was normal. She had myasthenia gravis and underwent
thymectomy at 14 years.

Their father (7066), who died at >60 years, had epilepsy following a motor vehicle accident
at 30 years. He had a possible febrile seizure at 18 months and, at 32 years, three generalized
tonic-clonic seizures in sleep. EEG showed right anterior quadrant slowing, without epileptiform
activity. MRI showed right frontal focal atrophy following the contusion and a large cisterna
magna.

Their mother (7065) had Febrile Seizures Plus (FS+) with 10 febrile seizures from 6
months to 7 years of age, and afebrile GTCS from 11 years to 29 years. EEG showed left temporal

slowing and CT brain was normal.
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The maternal grandmother (7215) had temporal lobe epilepsy (TLE) with focal aware and
focal to bilateral tonic-clonic seizures from 15.5 years. EEG showed left temporal slowing and
MRI was normal.

The proband (7067), affected sister (7068), affected mother (7065), and affected maternal
grandmother (7215) all exhibited outlier hypermethylation of the promoter and TSS of STX71B
(Figure 3). This hypermethylation was found to be associated with an underlying heterozygous
deletion encompassing the STX7B promoter, TSS, exon 1, and part of intron 1 [chr16:31,009,063-
31,010,847x1 (GRCh38/hg38)], which segregated with the non-acquired epilepsy in the family.
This family had three CACNA1H variants identified but no variant segregated perfectly through

the family (Family A%, Family B8, Family A").

Episignatures:

ANKRD11 (KBGS_MRD23): Individuals T23952 and 9714

Individual T23952 had a de novo pathogenic stop gain variant in ANKRD11
(NM_001256183.2:¢.2512C>T, NP_001243112.1:p.Arg838*). T23952 had developmental
regression at 5 months with loss of eye contact. At 7 months, eyelid myoclonias were observed,
followed by epileptic spasms, with seizure offset at 9 months. Facial features were characteristic
of ANKRD11 facies, including a triangular face, bulbous nose, thin upper lip, featureless philtrum,
broad bushy eyebrows, large prominent ears, and thin upper lip (Figure S16). She was of
borderline intellect and had anxiety.

Individual 9714 had a de novo pathogenic stop gain variant in ANKRD11
(NM_001256183.2:c.6871G>T, NP_001243112.1:p.Glu2291*). She is a female who had
neonatal onset of tonic-clonic seizures, which stopped at 18 years. Functional neurological
seizures began at 27 years. She had developmental delay, and at 7 years she was of low average

intellect.
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Individuals with pathogenic ANKRD11 variants (KBG syndrome) are reported to have
unique facial dysmorphisms, skeletal anomalies, intellectual disabilities, behavioral issues,

seizures, and brain malformations?®.

SETD1B (IDDSELD): Individual 36369

Individual 36369 was found to harbor a pathogenic stop gain variant in SETD1B
(NM_001353345.2:¢.4360C>T, NP_001340274.1:p.Arg1454*). 36369 is a male with absence
with eyelid myoclonia seizure onset around 2 years old. At 10 years, he developed myoclonic
seizures. Initially, he presented with hypotonia and developmental delay at 1 year of age. He has
a moderate intellectual disability and is obese. EEG has shown generalized spike wave, polyspike
and slow wave, and photosensitivity response (absence with eyelid myoclonia seizures triggered

by eye closure). His father has temporal lobe epilepsy and was unavailable for genetic testing.

Individuals with SETD1B-related neurodevelopmental disorders are reported to have
developmental delays (mainly affecting speech and language), intellectual disability, seizures
(including absence with eyelid myoclonia seizures), autism spectrum disorder and autism-like

behaviors, and additional behavioral concerns®.

TET3 (BEFAHRS): Individual T22466

Individual T22466 was found to harbor a maternally inherited, likely pathogenic small indel in
TET3 (NM_001287491.2:c.5243dup, NP_001274420.1:p.Thr1749Hisfs*5). T22466 is a female
with Developmental and Epileptic Encephalopathy and Spike-Wave Activation in Sleep (DEE-
SWAS) and mild intellectual disability. She had mild gross motor and language delay in the first
year of life. At 3 years 4 months she developed occasional focal to bilateral tonic-clonic seizures
and focal impaired awareness seizures and her development progressed slowly. At 6 years she

developed stuttering and language regression associated with frequent independent high
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amplitude bi right and left temporal parietal discharges while awake (sleep not captured). She has
macrocephaly (>98™ centile), and MRI is normal. Her mother also has the TET3 variant, a large
head size (>90" centile), and learning difficulties; her maternal grandmother had epilepsy in
childhood.

Individuals with TET3-related disorders have been reported to have variable phenotypes
including global developmental delay, intellectual disability, dysmorphisms, and multiple

congenital anomalies®.

UBE2A (MRXSN): Individual 26720

Individual 26720 had a maternally inherited, likely pathogenic variant in UBEZ2A
(NM_032590.5:¢.376G>A, NP_115979.3:p.Ala126Thr). This adolescent had onset of GTCS at 28
months. At 6 years, he developed focal seizures and focal to bilateral tonic-clonic seizures. He
had developmental delay without regression, and now has mild intellectual disability and ADHD.
He had dysarthria and dysmorphic features including a short, upturned nose with a flattened nasal
bridge, short well-defined philtrum with a tented upper everted lip, high arched eyebrows, full
cheeks, two anterior left-sided ear tags, short digits, short broad feet and hypoplastic nails. EEG
showed bilateral independent centrotemporal discharges. MRI at 2 years showed sub-cortical

white matter signal change.

Individuals with UBE2A-related X-linked intellectual disability have been reported to have
facial dysmorphisms, hirsutism, hypoplastic genitalia, short stature, hypotonia, seizures, severe

intellectual disability™".

SMS (MRXSSR): individual 31067
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Individual 31067 had a maternally inherited, likely pathogenic variant in SMS
(NM_004595.5:¢.328C>G, NP_004586.2:p.Arg110Gly). 31067 is a male with Developmental and
Epileptic Encephalopathy and moderate intellectual disability. Absence seizures were diagnosed
at 17 months but may have been occurring as early as 6 months. Other seizure types include
frequent myoclonic seizures and rare generalized tonic-clonic seizures. EEG showed generalized
spike-wave and polyspike-wave activity with background slowing. His development was delayed
at 6 months and regression occurred at age 2.5 years. He had speech dyspraxia with nasal
speech, hypotonic cerebral palsy, and an ataxic gait. Dysmorphic features included friable hair,
moderately high arched palate, thin upper lip, fine eyebrows, low anterior hairline and long, thin

fingers and toes. He has osteoporosis with a history of fractures. MRI brain was normal.

Individuals with SMS-related X-linked intellectual disability disorders (Snyder-Robinson
Syndrome/Spermine Synthase Deficiency) have been reported to have hypotonia, developmental
delays and moderate to and severe intellectual disability, speech abnormalities (nasal, dysarthric,
coarse, or absent), facial dysmorphisms (prominent lower lip; high, narrow, or cleft palate),
asthenic (long and narrow) build, osteoporosis leading to fractures, kyphoscoliosis, short stature,

variable motor disability and gait abnormalities, and seizures’?.

KDM2B (KDM2B): Individual 33769

Individual 33769 was found to harbor a paternally inherited variant in KDMZ2B
(NM_032590.5:c.1046G>C,  NP_115979.3:p.Arg349Pro).  Individual = 33769  displays
macrocephaly and focal epilepsy, consistent with their diagnosis of PTEN
(NM_000314.8:¢.253+5G>A, de novo). The individual’s father (33770) is unaffected, and,
therefore, the paternally inherited KDM2B variant is unlikely to contribute to the individual’s

phenotype.
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Episignature Negative with CHD2 VUS: Individual ILGC_1081

Individual ILGC_1081 had normal development until 10 years of age. Seizure onset was at 6
years of age with focal semiology from the left temporal lobe. She was found to harbor a VUS in
CHD2 (NM_001271.4:c.5002C>T, NP_001262.3:p.His1668Tyr) that was not maternally inherited,
but her father was unavailable for testing. Because ILGC_1081 was found to be negative for the
CHD?2 episignature in conjunction with a lack of clinical evidence for CHD2-encephalopathy (i.e.
absence of myoclonic or photosensitive seizures), the CHDZ2 variant was determined to be likely
benign. A maternally inherited pathogenic CACNATA variant
(NM_001127221.1:¢.5559 5560delCA, NP_001120693.1:p.Tyr1853*) was also found. Her
maternal side of the family has other affected members (half-sibling with febrile seizures, maternal
aunt, and maternal grandmother with epilepsy, not genetically tested). Finally, her MRI was
remarkable for mild vermian hypoplasia, which can be seen in calcium channel diagnoses. Thus,
the pathogenic variant in CACNA1A was determined to be more consistent with her clinical
phenotype. Her seizures have been intractable to multiple medications and placement of a

responsive neurostimulation device.
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Supplementary Methods

Cohort Subjects and Controls

Unaffected, presumably healthy controls without DEEs include 111 healthy controls obtained
through the Parkinson's Progression Markers Initiative (PPMI)3, institutionally available data for
335 community control individuals without cancer from the St. Jude Life (SJLIFE) study', and 29
unaffected parents or siblings of participants in our study cohort (Supplementary Data 1).
Analytical controls include six individuals with known rare DMRs for validation of the
computational outlier approach. These include two probands with Baratela-Scott syndrome (BSS)
harboring XYLT1 heterozygous hypermethylation on one allele and pathogenic variants on the
other allele, one heterozygous XYLT1 hypermethylation carrier mother of child with BSS, and
three individuals with Fragile X syndrome harboring FMR1 hypermethylation (two males, one
female) obtained from the Coriell Institute for Medical Research (Table S1). Further analytical
controls include 26 individuals with DEEs caused by pathogenic variants in genes with known
episignatures to validate the episignature screening, including n=17 CHD2, n=1 CHD2 VUS, n=1
KDM5C, n=1 SETD1B, n=1 KMT2A, n=1 SMARCA2, n=2 SMC1A, and n=2 CNVs (Table S4).
Finally, we included 116 analytical controls comprised of individuals with DEEs who had
previously identified pathogenic variants in genes without known episignatures. These 116
individuals better age match our unsolved DEE cohort and were used as further controls for
comparison of rare DMRs and episignatures.

A short application for access to the PPMI dataset is required. This may be found by
navigating to https://www.ppmi-info.org/ and choosing to “apply for data access.” Once granted,
details about the sample collection and methylation array data acquisition are given as “genetic
data” under “methylation profiling” in a PDF called <Project 140: Comprehensive Methylation
Profiling Methods.pdf>. Sample distribution and other qualitative metadata for the cohort may be

found in “study data” under “subject characteristics.”
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Reproducibility of DNA Methylation Array Replicates for Outlier Analysis

For individuals with replicate array data (n=29 individuals, n=61 total samples), we checked for
the reproducibility of autosomal DMRs across different batches for the same individual. Of the 29
individuals, 17 of the individuals had perfect concordance across replicates for the DMRs that
were called by the algorithm; six individuals had DMRs called for one replicate that could be
confirmed through manual inspection. The remaining 6 individuals had at least 1 DMR that was
not reproducible across replicates. Of the total number of DMRs for the 61 replicate samples,

80% were reproduced across the replicates.

Targeted Enzymatic Methyl-Sequencing Library Preparation, Target Enrichment, and
Sequencing
This approach uses two sets of enzymatic reactions to convert unmodified cytosines to uracil,
allowing for the detection of methylated vs.unmethylated cytosines without the need for bisulfite
conversion'®,

Approximately 200-300ng of peripheral blood-derived genomic DNA input for 9 samples
(three positive controls (XYLT1 and FMR1 hypermethylation) and three DEE probands with
DMRs-of-interest) were diluted to 52uL with 0.1X TE pH 8.0 in a 96 microTUBE-50 AFA fiber plate
(PN 520168) and fragmented on the Covaris LE 220 with SonoLab 7.3 software (Covaris Inc.). A
120-second program with peak incident power (W) of 453.0, duty factor (%) of 15.2, and cycles
per burst (cpb) of 1000 resulted in an average fragment size of 285 bp. Then, 50L of each sample
was transferred to a fresh plate to begin library construction. End repair, A-tailing, and the ligation
of the 0.4uM EM-Seq adaptor
(ASmMCASMCTSMCTTTSMC5SMC%mMCTASMCASMCGASMCG5SMCTSMCTTSMC5MCGAT5mMC*
T and [Phos]GATSMCGGAAGAG5MCASmMCASMCGT5MCTGAASMCT5mC5mCAGT5mCA)

were performed with NEBNext DNA Ultra Il reagents according to the manufacturer’s instructions
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(PN 101977). Products were then purified by 1.18x bead clean up, using Twist Total Purification
Beads (PN 101979) and eluted in 30puL water. About 28L of each eluate was used as input for
the 50puL oxidation reaction by TET2, proteinase K stop digestion, 1.8x bead clean-up, formamide
denaturation, APOBEC deamination, and 1.0x bead purification described previously'. Then,
20uL of each deaminated library was used as input in an amplification reaction with 25uL of
NEBNext Q5U Master Mix (#M0597) and 1uM (5uL) of primer from NEBs 96 Unique Dual Index
Primer Pairs Plate (#E7166A) as follows: 30 sec at 98°C; cycling 10 times, 10 sec at 98°C, 30
sec at 62°C, and 60 sec at 65°C; with a final extension for 5 minutes and hold at 4°C.

A 0.9x bead purification was performed on each amplified library, and 20 uL of each eluate
was used as input for target enrichment with the Twist Biosciences Fixed Human Methylome
Panel. The 8-plex hybridization captures were created with 200ng of each sample combined to
create a 1.6ug pool. Then, 4L of Twist's Fixed Methylome Panel (PN 105521), 8L of Universal
Blockers, 5L of Blocker Solution (#100767), and 2uL of Methylation Enhancer (#103558) were
added to each pool and then dried down using an Eppendorf Vacufuge Plus with V-AQ setting @
45°C for approximately 1 hour to create a pre-hybridization solution. Twist’'s Fast Hybridization
mix (PN 104182) was heated at 65°C for at least 10 minutes until all precipitates dissolved, and
20uL was added directly to each of the dried pools without allowing the reagent to cool. Then,
30uL of Hybridization Enhancer was added to the top of each pool, and these pools were
transferred to a thermal cycler set to a 95°C hold. Once the lid was sealed, a 95°C hold for 5
minutes was initiated, and samples were subsequently held overnight at 60°C for a minimum of
16 hours. Then, 100uL of Streptavidin Binding Beads (#100984) were washed with 200uL RT
Fast Binding Buffer, placed on a magnet for 1 minute, supernatant removed, for a total of 3
washes, a final 200uL FBB was added, and the beads were resuspended by vortexing. Each
hybridization pool (8-plex) was added directly from the 60°C thermocycler to a tube of washed,
resuspended Streptavidin Binding Beads and mixed at RT on a rotisserie axel for 30 minutes.

Pools were then pulse spun and placed on a magnet for 1 minute. The supernatants were
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removed and discarded. Tubes were removed from their magnets, and 200 uL of preheated (62°C)
Fast Wash Buffer 1 was added to each pool and pipette mixed. Pools were then incubated at
62°C for 5 minutes, pelleted on magnets for 1 minute, and the supernatant removed and
discarded. Then, 200uL FWB1 addition and incubation were repeated, tubes were spun down,
and bead-sample mixtures were transferred to fresh 1.5mL tubes before placing them on
magnets. The remainder of the washes and final elution of enriched 8-plex libraries were
performed according to the manufacturer’s instructions (Twist Biosciences). Then, 30uL of each
final enriched library was transferred to a clean tube for lllumina short-read sequencing.
Allinputs and libraries were evaluated and quantified using D1000HS tape for TapeStation
(Agilent) and Qubit™ 1X dsDNA HS (Invitrogen) assay kits. The average final library size was
370 bp. Sequencing was performed on the NovaSeq 6000 platform in paired-end mode with 150
bp per read. Paired-end reads (151 bp) for EM-Seq were collected from NovaSeq 6000 runsand
then analyzed using bcl2fastq. The hg38 noAltHla_UCSC.fa reference file supplied through FTP
by Twist Biosciences was used to create a reference genome in FASTA format. Samtools'® and
picard were used to create an index and ref sequence dictionary. The raw FASTQ data underwent
quality control, processing and downstream analysis using the nf-core/methyseq bioinformatics

pipeline. To extract the methylation calls using MethylDackel'’, we invoked the ‘—aligner
bwameth’ flag in the nf-core/methyseq pipeline. EM-Seq samples were trimmed using Trim
Galore! (Krueger, Felix, 2015, v. 0.6.6) and cutadapt, and subsequently aligned using bwameth
(default parameters), sambamba, and samtools. Duplicate reads were marked (picard) with an
optical pixel distance of 2500 for a patterned S4 flow cell (lllumina). The
covered_targets Twist_Methylome_hg38 annotated_collapsed.bed file with TARGET and
BAITS was converted to an interval list, and performance metrics were generated (fold-80 base
penalty, HS library size, % duplicates, % off bait). MethylDackel was used to generate a

methylation bias plot, likely variant sites were excluded (--maxVariantFrac 0.25), minimum depth

of 10X (--minDepth 10) was set, and CpG calls were generated. Additional filters were added to
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generate global methylation cytosine reports, including CHH and CHG sites. Mapping efficiency,
mapped reads (samtools), and the global average CpG % methylation and non-CpG conversion

ratio (%) for each sample were generated from the cytosine report (methyldackel).

Exome and Genome Sequencing

Variants for individual samples were called from ES and GS following the GATK best practices
workflow (including VQSR)'®. Minimum genotype quality (220), minimum coverage depth (27),
and minimum variant allele frequency (220%) thresholds were applied with Bcftools'™®. Variants
were annotated with population frequency data (gnomAD', ExAC?°, ESP6500%', and 1000
Genomes??), in silico scores (dbNSFP?), and potential clinical relevance (ClinVar®* and
InterVar?®) via ANNOVAR?* and InterVar®) via ANNOVAR?. Additional in silico scores

(LOFTEE?’, CADD?, and SpliceAl?") were applied using VEP?%.

RNA-Sequencing and Gene Expression Analysis

RNA was extracted from flash-frozen cell pellets obtained from cultured fibroblasts using the
Quick-RNA Miniprep Kit (Zymo Research). RNA was quantified using the Quant-iT RiboGreen
RNA assay (ThermoFisher), and quality was checked by the 2100 Bioanalyzer RNA 6000 Nano
assay (Agilent) or 4200 TapeStation High Sensitivity RNA ScreenTape assay (Agilent) before
library generation. Libraries were prepared from total RNA with the TruSeq Stranded mRNA
Library Prep Kit according to the manufacturer’s instructions (lllumina PN 20020595). Libraries
were analyzed for insert size distribution using the 2100 BioAnalyzer High Sensitivity kit (Agilent),
4200 TapeStation D1000 ScreenTape assay (Agilent), or 5300 Fragment Analyzer NGS fragment
kit (Agilent). Libraries were quantified using the Quant-iT PicoGreen ds DNA assay
(ThermoFisher) or by low-pass sequencing with a MiSeq nano kit (lllumina). Paired-end 100-cycle
sequencing was performed on a NovaSeq 6000 (lllumina). The raw FASTQ data underwent

processing and analysis utilizing the nf-core/rnaseq bioinformatics pipeline?.
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Whole-Genome Bisulfite Sequencing

The EZ-96 DNA Methylation-Gold MagPrep (Zymo Research) was used for bisulfite conversion.
Libraries were prepared from converted DNA using the xGen Methylation-Sequencing DNA
Library Preparation Kit (Integrated DNA Technologies). Libraries were analyzed for insert size
distribution using the 2100 BioAnalyzer High Sensitivity kit (Agilent), 4200 TapeStation D1000
ScreenTape assay (Agilent), or 5300 Fragment Analyzer NGS fragment kit (Agilent). Libraries
were quantified using the Quant-iT PicoGreen ds DNA assay (ThermoFisher) or by low-pass
sequencing with a MiSeq nano kit (lllumina). Paired-end 150-cycle sequencing was performed

on a NovaSeq 6000 (lllumina).

Functional Annotation and Enrichment Analysis of CHD2 Episignature Probes and DMRs
An in-house Perl script
(https://github.com/MeffordLab/2024 _GenomeWideMethylationPaper/blob/main/generate_rando
m_genomic_ranges.pl) was used to systematically generate random genomic ranges (simulated
genomic regions) for comparison in the enrichment analysis simulating background. The script,
featuring a function named generate_genomic_ranges, allows for user-defined parameters such
as the number of genomic ranges, minimum and maximum lengths, and a specified set of
chromosomes. Chromosome information was extracted from a locally stored file containing the
lengths of each chromosome. The script then randomly assigned start and end positions within
the specified length constraints for each genomic range, associating them with randomly selected
chromosomes. Subsequently, the resulting genomic ranges were sorted based on chromosome
names and start positions. Finally, the sorted genomic ranges were exported to a BED file in tab-
delimited format, facilitating downstream annotation for comprehensive analysis. To ensure

robustness, we generated three distinct sets of simulated genomic regions (Replicate-1,
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Replicate-2, and Replicate-3, Table S9), each comprising the same total number of regions as
CHD2-Probes/DMRs (n=4767, Table S8) and of varying, comparable length (50bp-3,100bp),
enabling meaningful comparisons in subsequent analyses.

For annotation purposes, we utilized the GREEN-DB*° collection, encompassing various
regulatory elements (bivalent regions, enhancers, and promoters sourced from ENCODE,
FANTOMS, DiseaseEnhancers, BENGI, DECRES, etc.), transcription factor binding site (TFBS
from UCSC genome browser tracks), and DNase peaks (from UCSC genome browser tracks).
Direct links to these databases are now provided in
https://github.com/MeffordLab/2024 _GenomeWideMethylationPaper/blob/main/selected_Green
VarDB_links.sh. These annotations were applied to both the CHD2 Episignature Probes with
Array and WGBS DMRs (Table S8) and the simulated replicate genomic regions (Table S9) using
bedtools ‘-intersect’ option with at least 90% overlap.

To assess the enrichment of features (Various regulatory elements, TFBS, and DNase
sites) in the CHD2-Probes/DMRs, we computed the enrichment ratio (Table S10) with respect to
the simulated genomic regions. This ratio was defined as the proportion of features in real
regions divided by the total number of real regions, normalized by the proportion of features in
simulated regions divided by the total number of simulated regions. Importantly, this method
accounts for comparability in size and other relevant characteristics of genomic regions in both
datasets. To validate the observed enrichment, two-sided Fisher's Exact tests (Table S10) were
performed using the R statistical environment, ensuring the statistical robustness of the

comparative analyses.
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Supplementary Figure 1. Correction of DNA methylation array batch effects detected through
PCA analysis. A. principal component analysis (PCA) plot using B values for probes located on
chromosome (chr) 1 for all samples (n=1238 methylation array samples) after filtering out n=21
PCA outlier samples. Sample plate/batch (also listed in Supplementary Data 1B and 1C) labeled
as “mefford” denote methylation arrays were performed at the UW or SJCRH for individuals with
DEEs and controls as described. SUINORM plates indicate methylation arrays run for presumably
healthy controls at SUICRH as a part of the SJLIFE study. A clear batch effect on PC1 is evident
between the SINORM samples and the rest of the samples included in this study. Although
controls used from the PPMI study were run at a different institution, there is no batch effect with
the PPMI cohort and our other samples. B. PCA plot after performing ComBat analysis, as
detailed in the methods, where it is evident that the batch effect is eliminated. As a validation,
DMR outlier analysis was performed (1) with batch correction of SUINORM as displayed and (2)
with batch correction accounting for every batch as shown in the figure legend. Method (1) was
chosen as the best approach, since method (2) resulted in the overcorrection and the loss of a

significant disease-causing DMR with a robustly underlying DNA defect.
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Supplementary Figure 2. DMR plots from rare outlier analysis of known hypermethylation
events. A. DMR plot of the XYLT7 5’UTR and exon 1 showing two individuals with Baratela-Scott
syndrome (BSS) with hemizygous hypermethylation (red) around p=~1 compared to controls
(black). Each inflection point corresponds to an individual CpG probe from the array. These

individuals with BSS harbor hypermethylation of XYLT?1 on one allele and a deletion
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encompassing this region on the other, represented in the schematic to the right. One unaffected
mother and two other carriers (red) carry heterozygous hypermethylation around $=0.5. B. DMR
plots of the FMR1 5’'UTR and exon 1 with individuals split by males (left) and females (right) for
targeted sex chromosome outlier DMR analysis. Fragile X males and females are clearly

hypermethylated (B=~1) compared to their counterpart controls.
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Supplementary Figure 3. Distribution of outlier DMRs across samples. Distribution plots
showing sample density (left) and sample counts (right). A. DMRs called on autosomes
(n=2,185) are in purple for the cohort (n=1,221 array samples analyzed after positive control
samples n=3 LCL and n=2 saliva removed from final analysis), B. DMRs called on chrX (n=49)

for male samples (n= 652 array samples analyzed) are in green, and C. DMRs called on chrX
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(n=27) for female samples (n= 569 array samples analyzed) are in blue. In all cases, the
majority of samples carry only 1 DMR, indicating that the outlier criteria were successful in

identifying rare DMRs.
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Supplementary Figure 4. Validation of known outlier DMRs using targeted EM-seq. A. IGV view
of targeted EM-seq reads at the XYLT71 5UTR and exon 1 that are hypermethylated in an
individual with BSS (upper) compared to methylation-negative controls (middle and lower). B. IGV
screenshot of targeted EM-seq reads at the FMR1 5’'UTR and exon 1 hypermethylated in Fragile

X male and female individuals (middle and lower) compared to methylation-negative control

(upper).
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Supplementary Figure 5. Validation of rare outlier DMRs called from methylation array in
individuals with unsolved DEEs using targeted EM-seq. A. IGV view of CSNK71E 5’UTR and intron
1 validating heterozygous hypermethylation in two individuals with unsolved DEEs (upper and
middle) compared to methylation-negative control (lower). B. IGV view of BCLAF3 5'UTR
validating hemizygous hypermethylation called from methylation array in a male individual with

unsolved DEEs (lower) compared to methylation-negative controls (upper and middle).
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Supplementary Figure 6. Validation of rare outlier DMRs on chr13 in a single individual using
targeted EM-seq. Representative images depict IGV views for 3/26 DMRs on chr13 for an
individual with unsolved DEE (upper panel of each box) compared to a control (lower panel of

each box).
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Supplementary Figure 7. Individual with unsolved DEE displaying multiple hypermethylated
DMRs across chr13. DMR plots depicting DNA methylation array data are shown for all n=26

outlier DMRs called for an individual with unsolved DEE (red) compared to controls (black).
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Supplementary Figure 8. Family pedigrees for a cohort of individuals with unsolved DEEs
displaying hypermethylation of the 5’UTR and exon 1 of CSNK1E. Pedigrees show the inheritance
patterns of CSNK1E hypermethylation and affected vs. unaffected status across the families. The
lower table shows the data types analyzed from each family and a summary of any associated
results. The schematics shown on the left panel were created with BioRender.com and released
under a Creative Commons Attribution-Non-Commercial-Noderivs 4.0 International License (CC-

BY-NC-ND).
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503 Supplementary Figure 9. Dropout Analysis of RNA-seq data for CSNK1E from human-derived

504 fibroblasts by family. OUTRIDER predicted expression plot is shown on the left and Q-Q plot on

505  the right. A. Proband 2 “drops out” for CSNK1E expression (padj=0.00112276, zScore=-5.63,

506 log2FC=-0.55) compared to Mother 2 and control fibroblast cohort of 139 publicly available
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samples®'. B. Proband 3 “drops out” for CSNK1E expression compared to Father 3 and the control
fibroblast cohort (padj=0.00228623, zScore=-5.54, log.FC=-0.53). C. Mother 3 “drops out” for
CSNK1E expression compared to Father 3 and the control fibroblast cohort (padj=0.021391407,

zScore=-5.02, logFC=-0.47).
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Supplementary Figure 10. Outlier hypermethylation of regions underlying known and novel
repeat expansions. A. DMR plot for outlier hypermethylated DMR at the DIP2B promoter and
exon 1 in a proband with unsolved DEE (repeated twice on the methylation array) and his mother
(both in red). B. Pedigree showing inheritance pattern of the D/IP2B DMR. C. DMR plot of targeted
X chromosome analysis in males depicting outlier hypermethylated DMR at an intergenic region
(by GRCh37/hg19 annotation) and exon 1 of an uncharacterized gene BCLAF3 (by GRCh38/hg38
annotation) in a male proband with unsolved DEE. D. Pedigree shows CGG BCLAF3 repeat
expansion is inherited from the mother and expanded in the proband. Data for the repeat

expansion are shown in Figure S11.
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Supplementary Figure 11. Long-read sequencing identifies a novel repeat expansion at the
5'UTR of BCLAF3. ONT long-read sequencing reads in IGV phased for 5mC for the proband
validating BCLAF3 hypermethylation (top panel). Long-read sequencing further indicates a novel
~2,500-3,000bp CG-rich repeat expansion (arrows). Haplotype resolved ONT long-read
sequencing reads in IGV for the proband’s mother (bottom panel) displaying smaller ~700-

1,000bp CG-rich repeat expansion (arrows). Haplotype resolution also indicates that the mother’s



531 X-chromosome inactivation is skewed against the repeat allele, not a random 50/50
532 hypermethylation across both X chromosomes.
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Supplementary Figure 12: Hypermethylation of the STX7B TSS and promoter validated by
targeted EM-seq in a family with GEFs+ phenotypes. A. Extended pedigree for the family of
proband 7067 displaying related phenotypes throughout the maternal side and extended family.
B. Coverage traces from targeted EM-seq data depict the proportion of methylated (red) and
unmethylated (blue) CpGs in the STX71B DMR. Hypermethylation is validated, and boundaries of
DNA methylation are extended in proband, affected sister, affected mother, and affected maternal

grandmother. The unaffected brother and father are unmethylated.
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Supplementary Figure 13: A deletion encompassing intron 1, exon 1, the TSS, and the promoter
of STX1B in a family with GEFs+ phenotypes. A. Schema of PCR validation strategy, including
the wild-type (WT) and deletion (del) alleles. B. Control PCR showing the breakpoint regions on
the WT allele (orange and green) where a PCR product is obtained for the unaffected brother and
father. This contrasts with the PCR shown in Figure 3C, where no PCR product is obtained for
the unaffected brother and father for the primer pair that spans the breakpoints, indicating that

they each do not carry the deletion.
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Supplementary Figure 14. Outlier “DMRs” at chr2 represent copy number deletion. A. DMR plots
showing 10 representative “hypomethylated DMRs” across 2q37.3 for an individual with unsolved
DEE (run in triplicate, red) and one control (red). B. CNV calling from the array with the R package
“‘conumee” detects copy number deletion overlapping with chr2 DMR locus in individual with

unsolved DEE. C. GS of trio identifies inherited homozygous copy number deletion in proband.
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Supplementary Figure 15. Outlier “DMR” at LINGO1 intron represents copy number deletion.
Annotation track showing the location of DMR in different LINGO1 transcripts (upper). DMR plot
showing hypomethylated DMR detected in several DMR carriers, including a proband with two

replicates and a mother. GS detects inherited copy number deletion in the proband (lower).
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Supplementary Figure 16. Outlier hypermethylated DMR at CFAP36 due to a tandem
duplication. A. DMR plot showing hypermethylation at CFAP36 in a proband with unsolved DEE
and mother. B. Pedigree depicting inheritance pattern of DMR. C. IGV screenshot of targeted
ONT long reads phased for 5mC at DMR region validating hypermethylation called from the array.
D. IGV screenshot showing the location of the breakpoints of the tandem duplication and

associated “dip” in coverage. Some but not all the reads showing the breakpoint are colored. The



571  upstream breakpoint (left) was not included in the adaptive sampling target region and therefore
572  has lower coverage compared to the target region.
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Supplementary Figure 17. Inconclusive episignature results. An example of inconclusive results

for Potocki-Lupski syndrome (PTLS) episignature.

inconclusive for PTLS due to a low MVP score of 0.053 and inconsistent MDS clustering between
cases (purple) and unaffected controls (green). Inconclusive episignature results are reported

with the caveat that further follow up or investigation may be warranted if there is a clinical

phenotype consistent with the inconclusive episignature in question.
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Supplementary Figure 18. Diagnosis of ANKRD11 enabled by episignature screening. A.
Photos of affected individual displaying dysmorphic features, including triangular face, bulbous
nose, thin upper lip, featureless philtrum, broad bushy eyebrows, large prominent ears, thin upper
lip. B. Multidimensional scaling (MDS) plot showing how proband (red) clusters with
KBGS_MRD23 episignature (purple). C. IGV screenshot of a pathogenic variant in ANKRD11
detected by exome sequencing. D. PCR validation and segregation of the variant. E. Pedigree

indicating that the variant occurs de novo.
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Supplementary Figure 19. Diagnosis of ANKRD11 enabled by episignature screening. A. MDS
plot showing proband (red) clustering with KBGS_MRD23 affected controls (purple, left) and
further clustering with the secondary KBGS signature (purple, right). B. Sanger sequencing
validation and segregation of pathogenic variant recovered from C. Two low coverage GS runs

showing the presence of the pathogenic variant. D. Familial pedigree illustrating multiple
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generations and manifestations of epilepsy. “Array” in red indicates that DNA methylation array
on proband and additional affected family members (n=8). The red (+) indicates the individual
was episignature positive, and (-) indicates episignature negative. Since the variant is de novo
and not present in any of the tested affected family members, ANRKRD11 variation is not the

cause of the familial epilepsy but explains the more severe phenotype of 9714.
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Supplementary Figure 20. Diagnosis of SETD1B enabled by episignature screening. A. MDS
plot showing clustering of the proband (red) with the IDDSELD episignature (purple). B. IGV

screenshot of pathogenic variant identified by exome sequencing.
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Supplementary Figure 21. Diagnosis of TET3 enabled by episignature screening. A. MDS plot
showing clustering of the proband with the BEFAHRS episignature. B. IGV screenshot of
pathogenic duplication identified through GS. C. Sanger sequencing validation and segregation
of variant indicating that D. the TET3 variant is inherited from the mother, who is mildly

phenotypically affected (Supplementary Phenotype data).
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Supplementary Figure 22. Diagnosis of UBE2A enabled by episignature screening. A. MDS plot
showing clustering of the proband with the MRXSN episignature. B. IGV screenshot of
hemizygous variant of uncertain significance identified by exome sequencing. C. Sanger
sequencing validation and segregation of variant, D. determined to X-linked and maternally

inherited. Variant was determined to be pathogenic by clinical workup.
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Supplementary Figure 23. Diagnosis of SMS enabled by episignature screening. A. MDS plot
showing clustering of the proband with the MRXSSR episignature. B. Photos of 31067 displaying
dysmorphic features, including friable hair, thin upper lip, fine eyebrows, low anterior hairline, and
long, thin fingers. C. Sanger sequencing validation and segregation of variant, D. determined to
X-linked and maternally inherited. E. IGV screenshot of hemizygous variant identified by exome

sequencing. Variant was determined to be pathogenic by clinical workup.
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Supplementary Figure 24. Refinement of the CHD2 Episignature on the 850K array. A. Heatmap
and dendrogram showing clustering using the CHDZ2 450K episignature probes (n=200), derived
using overlapping 450K/850K probes for n=9 individuals (n=2 450K and n=7 850K) with
pathogenic variants in CHD2 against n=54 controls. B. Heatmap and dendrogram showing
clustering using the CHD2 850K episignature probes (n=200), derived using n=29 individuals with

pathogenic variants in CHD2 against n=58 controls.



637

638
639
640
641
642
643
644
645

646

Percent probe overlap

i ADCADN 10
18 li3lsel 5|8 s|13lel3als|7[5]7|3[4]7]18]6|af7]4]2]10}12[7]7[10]s2]8[10]5 |11]2 |3 [12] 7 |12] 8 [3] 5 [s2] 9| 7 [11]10[28] 5 |6 [10]47] 9 | 8 | 6 [10] ARTHS
218 11]14]10 611]7 28] 8 [13] 8 | 8 [18]11]15 9| 312}23113[11[19}24] 1a[22]12 /84 4 | 4 [24]17]22]12|22]11(12]20]14]15]16]14]13]13] 15]20]15]18] 6 [10] ATRX
117 s li2{ <6 3]of16]2[e|e|7[3]4[3[3]7]3]e|7|6[3]of7|of4]a]7]o[efe]3]ta]1[1]t0]712]s[8|3|7|7|s[e]|7|7]4]s[5]7]5]s]4]5] AUTS18
olals|sMMzl2]a]s[e] 1{al7]1]2]2]1[1[2]2]1]3]2]1[o]s]5[2]ols]a3]al1]a]1[1]3]2]a]2]s]1]a]2]2]4f3]a]1]2]2]6]3]2[3]4] BAFopathy 80
1 1 il il 8 1 BEFAHRS
3 1514 14 9 |24]1214/10{20[16|1115|15 17]10] 2 113/30] 12{14/28120) 12 15/18) 15/17/12/20| BFLS
3[11[11]14 18801112 17]13[ 5 4 [11]10[ 4 |7 |11]10[10[14]10] 5 | 4 [12{13] 8 |11]13[8 |72 3|12 o [1s|10]t0f 8 [a ]9 |11] o | 8 [13[10]13] 5 [12[14] o | e |15| BISS
[ J1o1oftelsel 6 [e |6 Jsel 3 [1otofo (s |7 3fafsVe|7 n|7fa]1]e13]o]s [12[tol7]11[3[3[2[2]12[o 126 11|« o] 8] 7 isfri]s1]efe|ali3|7]6[s]7]| cdLs
olaf3lefe]1]2]1]4 121 ]2[1]1]1]1[2]a]1]2]2]1[of2}s[2]1][3]a[3]4]1]afolo]a[2]3]2]3]1]s[3]2]a[a[a]1]1]3]a]3]1]2]2] CHARGE 80
1]7|7lelel7]|7]4]e]ts! 55]7sa71.444575351174ase7sw|zuoeea|_qlt775555541:125745Chr18p11,2dal
1]elafolsals 7 altofs]2 alslals]a[3]ale|s]7[s]2]1]e]7|s]5|7|s[elel2|a]1[1]5]5]8fa[s]s]e|elels]a|7]ale][3]7]a]4]4]7] CSS_c.6200
ol1fof1]afofol 11|+ [of+ Rt ol olof1lof 1|+t ofol s {1folafs a[t] e t]1fofofr]afol 1|t ofr{1]t]1]1]ofofof1]1][1]1]o]1] cSS4_c.2650
of1{1]1[ofolo ol 1{+[ofol+ WMol Tolols ol t]sl ool s s ol slala sl o 2lolof s s sl sl ool 1le]1 s 1 ofol 1 1 1]1]o]1] csse
[ 121 o [16]16[23} 16} 15/ 6 16 15128] 7 | & [23]21]28]23(26( 17/ 18J27] 1 1011781 Down 40
210[11}12]13] 8 |11] 7 |43]10] 5 |10[10] o |6 W s 6|7 |7 |10[11]10] 6 2] 9 [11]10] 4 [10]11]10]12] 7 [10] 6 | & |15]11142] 7 |10 6 [1s| o | & 11] 8 [ o | 8 | o |15]12] 8 |15] & [10] Dup7
6 |1 16/15/33] 11/23]16/10|20{ 13]10] o |10 i} 19]16/17] 143 19]16/21]21 15) 21{18]16) 11/24111}17| DYT28
8 1 17|14 16/18 5 13] 15188115 3|33/ 18 18[21/18/29] 19/21]1 FLHS
1]7]sl1afo]s]|s[slela]2]s[s|s[3]«|2[3MMelels|{7]a]2]s]7[s]o]e]|8[e|of1a]o]3[3]10]e]t0fs[7]7]|e|e|s[s]e|e|ele[6]7]t0]s|3]5]| GADEVS
15alalalsl2]a|3]shsl1[al2]2]3]3]2[2[« MRalalal2] 11alels]a]s]e[3]s]2]5]1[1]a]alels|elslelalals]5s2]3]2]4]5]5]3]2]4] GTPTS 20
6 17, 7 [28]20/23| 12 15]25/20) 154 15 i B 18/30/20 17) 1 7114 HMA
2 1418 9 [12{10}21]15] 4 |15] o [12[ 8 11| 7| 8 | & [10]11J17] & | 1 [12]15]15] & [17]17]16}18] & [16] 3 | 3 |1a]13]20] ¢ |16] & [16]47]13]14]12]12] 0 |11] 0 17] 0 [12] & |15] HVDAS_C
5 1 12/24/19128] 14123/15/ 14128 18 18] 5 910 18 1183112/20| HVDAS_T
13] 1 17(21) 13j22] ICF1
1 10]15]17]12[2715 14/30117[16{18[ 8 |1 15]12) 10]13]12{16{15{26]15)19/20] 13] 12 15}18{13] 12/ 14 18] 11]12[15}1i 16/13]14 6112| ICF2_3_4 0
2128 [15]16] 6 |11] 6 1212 3 [10]8 | 7|e|7[4|6]e|7]6]af6]4]1 7] 7]11]8 |12f11]5 [18] 2 [ 2| 7 [10]12028f 10| 6 |13] & [12]14]47}11] 5| & | 5 |10 7| & [11]18] IDDSELD
1110/ o J1ef20 5 | 7| 5 (1428l « [ |0 f1o[ 5|6 [a |5 e e |7 |7 4|1 |1efirol 4 [12}11]11]1a] 8 |19] 2 [ 2 | o [12[11}10[12] 5 [10[13] 7 [1a]13]10] 5 {e [9]11] 8| 7| 7[10| Kabuki
11elslelsl3le|3]ofn[3]e|e|7]3]5]s[3]alelolels 4] 1]s|ofielo]s|of2[5(11]2]2]10]a]a]4[o]af13]8|e[s]|7|5]5]s[eli4]4|5]3][4]| kDM2B
[ofofofolofojofofoloolafofofolofofof1]ofo]ojofofofolojofol1]o]1]ofofolo]of1[+1]o]o]ofolofofo]olofofofolo]ofofofo] KDM4B
2 [15[14) sl 5 |12[13]13]10] o | 5 [ 6 |'s |10[10f16]12] ¢ | 2 [1421}16| 8 17|auaﬂs 3 [i711[20]10[16] & [17]12]10[12{12]33] & |10]10/23]13}10| o [14] KDVS
1]31]12[16}17] 5 |6 [ 5 |12f22 3|6 7]e[s|6]3[4]a |6 i0ofof3]2]6]12]o s |11J 6 [14]5[122] 1]14] 8 14l 8 [12] 7 [11]8|s]ofo i[5 6|8 16l11]7 4|6
["{alslelel2|s[3[s[e[1|s[3[3]2[3|2|3]3]3[2]el«l2]1|s]|7|e|+(e|s s z[e]1[1|3[a[e[a[s|2|7|a]a[6]s|4[2]4]4]4[3]a|7[0] LLS
1]e|7]elel3]s|3]ef13[2]e|s|e|3]s|2[3]e]s]|6]efs]a]1]efofols|7|ofc S0l 1[1]o]elo|s|els]c|e]afola]s]sfa]s]8]6]a]3]4] MKHK_ID4
of2]3]3]2|3|2[2f2]|2|1|1|3|5[1]2]2|1]7[1]2]2]3]2|1]2[5[3]|3|3|3[2|5}gms]|2|3|4[3[2]2]|2|2|2[4]2]2]|3[1]2]2[5]2]2|3[1[1] MLASA2
[ol7Twofi7(e s 7 2]1o[1a]3[3]efr1|3]as[as a7 e]als|1]elralala|7|a 7 107 2] 1[11]1alefesal3[s[o|7[an1[7 2 4[o]6[c]8]3]4] MRD23
a|11] 0 [10]v1[14120] 5 [11[ o [28] 7 |6 [17] & [18}2811]11] o | & 8|10/ |4 |7 [10[11[16] 8|0 |9 ]8 1612 17]11[ 0|5 [15] 5 [10fs0] 7 [28]16] 8 | 7 [ 7 M 13[ 6 |14[ 5 [ 8| MRDS1
4lo]7]8tof1ef10[5]7 |7 [23] 74 |10 6 [s5[24[13[11] 6 | 5 @t«raeTL s[sfa1[s 13[6 8 6[11]6]6 14| 7 [18]12] 5|6 [c WA13|5 [12[ 4 |6 | MRXO3
|1 1of1ol16l11] 6 |8 4 l12l17( 3|5 6 [4]af4[4]a s tola{7]3]1]s e l10l410}13[5 |13]6 [14] 3 | 3 Jlrol1s s [11]6[11]ole afa|7 6 6 11l12[8]6 3[4 ]| MRXO7
[117fohslafs|7]alstlalslel7 11[a]7 e]s]7 s[11|alals|1]alrsl11[alalo oltofs 283|213l 7[v2] s |olralo]7 8|7 [e(e[7]5[cf8]4]7] MRXSA
[1 [1313) al12[7|1el18] 3 [11|5|e[s]o 77u|o1zu|_o*_4_|n1s1z|o1517|21751 2|2 2012l 10| 16] & [14]11]12|11]10[12f 8 | o | 8 [17]10] 9 | 7 |10] MRXSCJ
2|11]013]13] 6 |10] & |10]15[ 3 |6 [8]12[6 |64 [5|7 [10/6 |8 |75 |1 @176 |7 [10]11]1012] s |13] 1|27 |o 13 o e o8 |11]1a]1a]11]5]7|6]7 0] 10[15] MRXSN
|1 111lv014[18[ s | 7] 4 [1318] 5 {6 |5 |10 4 |6 |5|5{7 8 7 ala]a]1]8]13]10]3 [10}12]8 [13] 4 [21] 3 |3 [12{11]13] ¢ J 5 [10]10] 7 |0 |11/ 0 5 6 8]13[10]8|5|7| MRXSSR
621 17117]14) 7 |17]12]1212)15)15( 12128} 18] 18] 18] 17{ 12| 7 18017 16)28]17|18] 5 | 7 |30} 10/27] 18] 17/1519}18]17/19]18] 12 16/10/17| PHMDS
117]3l7lel2]5]2]ef1a[2]a|3]2]3]5]3[2]3]e]4[s[3]2]1]e|7[ol1]7]7[7]s]2]5]1[1]7]s|7[4[e{s M sl4alels]|5]3]4[3]11]4|3]4]6] PRC2
1 |10]12}15{12] 6 |10] s [11]18] 4 [s [ e [11] 4 [ 7|6 |4 [ 7|6 |11]s2[10[ 4 | 1] 8 [18[11] o | o |10[ o |12] 6 [16] s [ 4 [13[16]12] 7 [12] s |11 e [ 1o |10l 6 [6[15] 8 [ 7|8 ]5]7]| RENS1
8 13 21 5 10[11 RMNS
1113] o [14f21] 6 [11] 5 [22}17] 4 [ [0 J11] 5 [8[s[e e |8 |5 [0 7|41 [14l20] 3|6 [10]11]1al48] 5 [15] 7 [ 5 |12] & [12]s2|11] 6 [s2[ 0| 7 13| 5 |6 [21]13] 8 | 8 | 9 [13] RSTS1
2[19]14) 968 719 ]18j20] 7| o] 8|8 ]10[12]10[13[13] o | 2 159 |14]17]15]24] o |83] 6 | 6 [17]13]18]19]21] & [16]13}13] 819 [19l18{13[13[11[15| RSTS2
1lfslelal2]3[3lefaf1]sa]2]a]2]2]2[1]s]a]3[a[s]2]1]afs[s]1]a|s[a]al1]5]1[1]a]3]s]a[s]2]as]s][5]5MM2]2[3]5]4]3]3]4]| SBBYSS
14 1 14/15] 1188 Sotos
11 14 8 1213 TBRS
1197 ]1ofol610]2 [1of14] 5|4 [s[12[3]9]4 1]afiof7{4]7[8]7|6]o|13]11[10[12]6[7 4 8|3 [s]12]4 [szjro[7[3|s R 7[s]7[3[] vCFS
1 |18l 11]14128] 6 [10] 6 |18124] 6 10 5 |11]s |84 1|0 |1418] 4 [16]18] o |15] s [10] 3 | 4 |15 s [18] 6 [15] & [22] 7 | & [12] 0 3] 7 [10| s W o | 6 | & [13] wDSTS
2 |16{14) 8 |10[10]16(28] « | 5 111116} 8 [10[15[24] 0 |17{ 7 |17] 3 | 2 |17|31]18]11]10]13]14] 10] @ [11]13]1a}10]12| 10} 14 | 10] 7 [11] WHS
4 1318/ 12 9 s [18l23]10] 8 1588 o | o 16/26] 12| 17]22] 18] 1 14113/22118| 17 11117] Williams
1]13] 7 |15{28] & | o [ 7 [13]18] 3 1]20]18] 8 | 6 [12] o [28]10] 4 [11] 2 | 2| 7| 8 [12}35]12] 5 |15] 8 | o |15[12]12[ s [ | 7 |16[8 |7 CHD2 850K
2[12{s |11]1e 69| 8 ]11]12[2 111ef1s[ e [a 11 |24 o 3] 722158 101310 s {14 7 [& [13fsofs1[ s o6 14] a7 CHD2 450K
LR TG R L Lt I
SIkng>n “;6 i SEa §5S§oe raneRGZaax ‘ﬂ”’—cmg””
o0 FBF [l eRFod 5 |_gu—u~*eezm¢°a asieang @ a8
z 3 mI R N} g o @ §

ggﬁ "

o

Supplementary Figure 25: Differentially methylated probes found to be shared between multiple
cohorts. Percent of probes with an adjusted p<0.01 that are shared between each pair of cohorts
(n=57 total cohorts) that was previously investigated®?. For each pair, the colors indicate the
percent of the bottom cohort's probes that are also found in the right cohort's probes. The CHD2
850K episignature shares some portion of probes with every other episignature represented
except for the 3 episignatures with the smallest number of DMPs (<500 DMPs): KDM4B/KDM4B
(MIM:619320), CSS9/SOX711 (MIM:615866), and CSS4_c.2650/SMARCA4, a secondary
signature for variants near SMARCA4:c.2650, which cluster separately from other

CSS4/BAFopathy (MIM:614609) samples.
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Supplementary Figure 26. Mean Methylation Difference Comparison Across Episignatures.
Genome-wide DNA methylation profiles of the 450K and updated 850K CHD2 cohort and 55 other
EpiSign™ episignatures previously investigated for functional correlational analysis®?. Global
methylation differences of all differentially methylated probes (false discovery rate<0.05) for each
cohort, sorted by mean methylation. Each circle represents 1 probe. Red lines indicate mean
methylation. The x-axis represents 1 of the 57 episignatures and the y-axis is the mean

methylation difference.
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Supplementary Figure 27. Annotation of differentially methylated probes in 450K and 850K
CHD2 episignatures and other EpiSign™ episignatures previously published. Differentially
methylated probes (DMPs) of CHD2 450K and 850K cohorts (red) and 56 other episignatures as
previously investigated®?. X-axis represents 1 of the 57 episignatures and the y-axis the
percentage of DMPs. A. DMPs annotated in the context of CpG islands. Island, CpG islands;
Shore, within 0 to 2 kb of a CpG island boundary; Shelf, within 2 to 4 kb of a CpG island boundary;
inter-CGl, all other regions in the genome B. DMPs annotated in the context of genes. Promoter,0
to 1 kb upstream of the TSS; Promoter+, 1 to 5 kb upstream of the TSS; CDS, coding sequence;
Intergenic, all other regions of the genome. The Probes column in panels A and B represents the
background distribution determined in a previous study® of all array probes after initial filtering

and used as input for DMP analysis.
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670  Supplementary Figure 28. Representative CHD2 DMRs derived on the 850K array. DMRs were

671  called from bumphunter and DMRcate for n=16 individuals with pathogenic variants in CHD2 vs.
672  n=18 unaffected controls. Final DMR coordinates were considered the overlapping regions of at

673 least 50bp of more. Representative hypermethylated DMR plots (GRCh37/hg19) are shown on
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677

the left, and hypomethylated DMR plots are shown on the right. The methylation differences were
considered the average between the two callers and are shown in the DMR plots. The number of
DMRs called at various methylation differences are noted to the left of the plots. A total of 712

DMRs were called with at least a 5% methylation difference between CHDZ2 and controls.
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Supplementary Figure 29. Overlap of CHDZ2 episignature probes with DMRs called from the
850K array and WGBS. Venn diagrams showing overlap of 450K CHD2 episignature (n=200
probes, top purple) and 850K (n=200 probes, bottom purple) with 850K array DMRs (left green)
and WGBS DMRs (right blue). See methods for a detailed description of how episignatures and

DMRs were derived.
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Supplementary Figure 30. Representative CHD2 DMRs called from WGBS. DMRs were called
for n=4 individuals with pathogenic variants in CHD2 vs. n=6 unaffected parents requiring overlap
from both DSS and DMRcate tools. Two representative DMRs (1 hyper, 1 hypo) are shown in IGV
for n=3 trios. The proband (top track) is clearly differentially methylated compared to both parents

(middle and bottom tracks). The center of the plot is marked by a dotted black line.
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692  Supplementary Figure 31. Functional annotation of CHD2 DMRs with CpG descriptions. DMRs
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693  were called for n=16 CHD2 vs. n=18 unaffected controls using bumphunter and DMRcate for the
694 850K array and n=4 CHDZ2 vs. n=6 unaffected controls using DSS and DMRcate for WGBS
695  (Methods). DMRs were considered significant if p<0.05 and the percent methylation difference
696 (% meth diff) was greater than or equal to the cutoffs shown (5%, 10%, 20%). DMR composition
697 by CpG descriptors was calculated as a fraction of the length of each DMR to ensure that a DMR
698  overlapping with multiple descriptors was only counted once. CpG islands are areas of the

699  genome with a high density of CpGs. CpG shores are located within 2Kb on either side of CpG



700 islands. CpG shelves are located within 2Kb of CpG shores, and interCpG islands (interCGl)

701  covers the rest of the genome.
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Supplementary Figure 32. Functional annotation of CHD2 DMRs by gene region. DMRs were

called for n=16 CHDZ2 vs. n=18 unaffected controls using bumphunter and DMRcate for the 850K

array and n=4 CHD?2 vs. n=6 unaffected controls using DSS and DMRcate for WGBS (Methods).

DMRs were considered significant if p<0.05 and the percent methylation difference (% meth diff)

was greater than or equal to the cutoffs shown (5%, 10%,

20%). DMR composition by gene region

includes 1-5Kb upstream of the TSS (1to5kb), the promoters (<1Kb upstream the TSS), the

5'UTRs, exons, introns, and the 3’'UTRs. Representation as a fraction across hypermethylated

DMRs are shown in pink and hypomethylated DMRs are shown in blue.
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714
715  Supplementary Figure 33. Linear karyotype plots representing CHDZ2 episignature probes

716  overlapping with DMRs called from n=4 CHD2 vs. n=6 unaffected controls using WGBS.

717  Individual karyotype tracks for chr1-22 (a-v) where three grey tracks (upper panel above



718
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720
721
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723
724
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726

chromosome) depict individual red (hyper) or blue (hypo) dots for WGBS DMRs (upper), CHD2
850K episignature probes (middle) and CHD2 450K episignature probes (lower). The scale
denotes the methylation difference between CHD2 relative to controls. Three purple tracks (lower
panel below chromosome) depict the coverage for the 450K array probes (lines, upper), 850K
array probes (lines, middle), and WGBS reads (distribution, lower). The coverage track for the
WGBS is taken from a representative sample after inspecting the average coverage values across
all the samples. Examples of where episignature probes form a cluster and overlap with a DMR

are boxed in red (hyper) and blue (hypo) for HOXA4, AGAP2, and ZNF577.
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