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Summary

Overlapping clinical phenotypes and an expanding breadth and complexity of genomic associations are a growing challenge in the diag-

nosis and clinical management of Mendelian disorders. The functional consequences and clinical impacts of genomic variation may

involve unique, disorder-specific, genomic DNA methylation episignatures. In this study, we describe 19 novel episignature disorders

and compare the findings alongside 38 previously established episignatures for a total of 57 episignatures associated with 65 genetic syn-

dromes. We demonstrate increasing resolution and specificity ranging from protein complex, gene, sub-gene, protein domain, and even

single nucleotide-level Mendelian episignatures. We show the power of multiclass modeling to develop highly accurate and disease-spe-

cific diagnostic classifiers. This study significantly expands the number and spectrumof disorders with detectable DNAmethylation epis-

ignatures, improves the clinical diagnostic capabilities through the resolution of unsolved cases and the reclassification of variants of

unknown clinical significance, and provides further insight into the molecular etiology of Mendelian conditions.

Introduction

The diagnosis of Mendelian genetic disorders remains a

challenge despite advancements in genomic sequencing.

While the term ‘‘rare disorder’’ primarily reflects the popu-

lation frequency of any specific condition, most of

which havemonogenetic (Mendelian) causation,1 it is esti-

mated that 8% of the population are affected by a rare

disorder.2,3 Diagnosis of Mendelian disorders is often

complicated by non-specific clinical features, including
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the spectrum of neurodevelopmental delays and dysmor-

phic features,3 therefore a specific genetic finding is often

required to establish a specific clinical diagnosis. The

expanded use of gene panels and exome and genome

sequencing has significantly improved diagnostic yield

in Mendelian disorders.4 However, this technological

advancement has increased the gap between our capacity

to read and our ability to interpret the DNA sequence, as

shown by the high prevalence of variants of unknown

clinical significance (VUS).5 Rare-disease patients spend

on average over 5 years on their diagnostic odyssey, and

approximately half of patients presenting to medical ge-

netics specialists are undiagnosed using traditional genetic

diagnostics techniques.6 Whole-exome and whole-

genome sequencing can help identify variants; however,

the difficulty in predicting the impact of a VUS on pro-

tein-coding DNA and the lack of ability to predict their

impact on non-coding DNA can still leave patients without

a conclusive molecular diagnosis. Familial variant segrega-

tion studies, in silico prediction algorithms, and gene-spe-

cific functional studies may help resolve some VUS, but

in the majority of cases, these analyses are not available,

feasible, or conclusive.

One possible functional consequence of pathogenic var-

iants in patients with genetic neurodevelopmental disor-

ders is the alteration of genomic DNA methylation. DNA

methylation is an epigenetic modification that changes

the structural and chemical properties of DNA, impacting

molecular mechanisms including chromatin assembly

and gene transcription.7–9Genomic DNAmethylation pat-

terns can be influenced by a variation in DNA sequence.10

These changes in DNAmethylation, referred to as episigna-

tures, are a functional consequence of disease-associated

genetic variants and are emerging as highly accurate and

stable biomarkers in a growing number of Mendelian dis-

orders.11–28 Previous work by our group and others has

demonstrated evidence of DNA methylation episignatures

in a growing number of neurodevelopmental genetic disor-

ders, which have previously been clinically validated as

part of a diagnostic test called EpiSign.15,29,30 These epis-

ignatures are particularly evident in disorders involving

chromatin remodeling genes. In addition to gene-specific

episignatures, common DNA methylation profiles have

been described for disorders resulting from pathogenic var-

iants in genes encodingmembers of the same protein com-

plexes17 and for multiple genes related to a specific
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syndrome gene,31 as well as for specific genic regions en-

coding particular protein domains.19

Germline inheritance of variants in Mendelian disorders

implies an early developmental etiology of gene-specific

episignatures that can be readily detectable in peripheral

blood.7 The accessibility of peripheral blood provides the

opportunity for a simple and cost-effective clinical imple-

mentation of the episignature analysis using genome-

wide DNA methylation arrays.18,29 The clinical utility of

DNA methylation episignatures has recently been demon-

strated, with 57 out of 207 clinical samples testing positive

for an episignature, giving an overall diagnostic yield of

27.6%.30 The main indications for episignature analysis

included reclassification of genetic VUS as well as the

screening of patients with no definitive genetic diagnosis

but with a clinical presentation consistent with one of

the mapped episignature disorders. However, the key limi-

tation to the clinical application of a genome-wide DNA

methylation assessment is the need to develop unique

analytical methylation profiles for each Mendelian disor-

der, requiring expansion of reference databases and the

development of sophisticated, machine-learning-based

bioinformatic algorithms.32 Similarly, the ongoing na-

tional-scale study EpiSign-CAN, involving episignature

analysis in thousands of patients with rare disorders,

aims to provide a more comprehensive assessment of

the clinical utility and the impact on the health system

and to accelerate the rate of episignature discovery inter-

nationally (https://www.genomecanada.ca/en/beyond-

genomics-assessing-improvement-diagnosis-rare-diseases-

using-clinical-epigenomics-canada).

We previously reported a classification system that as-

sessed 38 episignatures29 and now describe the addition

of 19 episignatures to this classifier. The addition of these

19 episignatures expands the total number of clinically

validated episignatures to 57, associated with 65 syn-

dromes. We describe the improvements and refinements

to the previously published multiclass episignature classi-

fier29 and demonstrate its effectiveness in episignature

analysis. By increasing the number of reference samples

and disorder types in the EpiSign Knowledge Database

(EKD), we can define further data complexity including

novel gene sub-signatures and clinical associations. We

also demonstrate the ability to sub-stratify some of the pre-

viously reported, closely related sub-signatures and high-

light the analytical approach used to solve some of the

more complex clinical cases.

Materials and methods

Patient samples

The discovery cohort included 235 peripheral blood samples from

patients clinically diagnosed with or suspected of having 1 of 19

neurodevelopmental disorders and with a pathogenic variant in

the corresponding gene, for which episignatures had not yet

been identified or had not been previously included in the EpiSign

multiclass classifier (Table 1 and S1). Unaffected controls were pe-

ripheral blood samples from individuals with no specific neurode-

velopmental phenotype and no known pathogenic or suspected

pathogenic variant in any of the episignature-related genes. These

controls included a mix of samples from publicly available data-

bases indicated to be ‘‘control,’’ ‘‘wild type,’’ or similar, and new

samples from patients clinically assessed as not having a neurode-

velopmental phenotype. Each unaffected control sample was as-

sessed to ensure its DNA methylation was similar to previous

healthy controls. The study was approved by the Western Univer-

sity Research Ethics Board (REB 106302 and REB 116108), and

informed consent documents were reviewed and approved by

the institutional review board (IRB) of Self Regional Healthcare.

Some of the datasets used in this study are available publicly, as

previously described.29 Sixteen of the 17 Chr16p11.2del samples

are from GEO: GSE113967.33 Anonymized data for each subject

is described in the study. The raw DNAmethylation data for other

samples are not available due to institutional and ethics

restrictions.

Sample processing

Peripheral blood DNA was extracted using standard techniques.

Bisulfite conversion was performed with 500 ng of genomic

DNA using the Zymo EZ-96 DNA Methylation Kit (D5004), and

bisulfite-converted DNA was used as input to the Illumina Infin-

ium HumanMethylation450 (450K array) or MethylationEPIC

BeadChip array (EPIC array). Array data were generated according

to the manufacturer’s protocol. Sample quality control was per-

formed using the R minfi package version 1.35.2.34

Methylation data analysis

The data analysis pipeline was adapted from previously described

methods,29 as summarized in Figure S1. IDAT files containing

methylated and unmethylated signal intensities were imported

into R 4.0.3 for analysis. Normalization was performed using the

Illumina normalizationmethodwith background correction using

the minfi package. Probes with a detection p value > 0.01, probes

located on the X and Y chromosomes, probes that contained SNPs

at the CpG interrogation or single-nucleotide extension sites, and

probes that are known to cross-react with other genomic locations

were removed.35,36

For each cohort (set of case samples for a particular syndrome/

episignature), a set of controls was chosen using the R package

matchit version 3.0.2,37 matched for age, sex, and array type. To

increase signal specificity, controls consisted of samples from

healthy/unaffected individuals and other episignature samples

and included batch controls. For each case sample, two to ten con-

trols were used (case:control ratio of 1:2 to 1:10), resulting in

matched control cohorts with a mean size of 53 samples (range

30–74) (Table S2). Additional controls from other episignature

syndromes were included in some analyses to differentiate be-

tween closely related signatures: Arboleda-Tham syndrome

(ARTHS)/Ohdo syndrome; SBBYSS variant (SBBYSS)/Genitopatel-

lar syndrome (GTPTS); and Rubinstein-Taybi syndromes 1 and 2

(RSTS1/RSTS2), as described in detail in the Results. Principal-

component analysis (PCA) was performed prior to episignature

analysis to identify and remove control outliers. Probes with

beta values of 0 and the top 1% most variable (variance) probes

within the case or control samples were removed. Combined

filtering yielded on average approximately 650,000 probes for sub-

sequent analysis.
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Table 1. List of episignatures and their corresponding syndromes and genes or genomic regions

Syndrome
Signature
abbreviation

Underlying gene or
region OMIM Samples

In EpiSign
V2 classifier

X-linked alpha-thalassemia/mental retardation
syndrome (ATRX)

ATRX ATRX 301040 22 yes

Arboleda-Tham syndrome (ARTHS) ARTHS KAT6A 616268 18 no

Autism, susceptibility to, 18 (AUTS18) AUTS18 CHD8 615032 28 yes

Beck-Fahrner syndrome (BEFAHRS) BEFAHRS TET3 618798 16 no

Blepharophimosis Intellectual disability SMARCA2
syndrome

BISS SMARCA2 619293 5 yes

Börjeson-Forssman-Lehmann syndrome (BFLS) BFLS PHF6 301900 16 yes

Cerebellar ataxia, deafness, and narcolepsy, autosomal
dominant (ADCADN)

ADCADN DNMT1 604121 5 yes

CHARGE syndrome CHARGE CHD7 214800 65 yes

Chr16p11.2 deletion syndrome, 593-KB Chr16p11.2del Chr16p11.2 deletion 611913 18 no

Coffin-Siris syndrome-1,2 (CSS1,2) CSS_c.6200a ARID1B; ARID1A 135900; 614607 4 no

Coffin-Siris syndrome-1,2,3,4 (CSS1,2,3,4); Nicolaides-
Baraitser syndrome (NCBRS)

BAFopathy ARID1B; ARID1A;
SMARCB1; SMARCA4;
SMARCA2

135900; 614607;
614608; 614609;
601358

97 yes

Coffin-Siris syndrome-4 (CSS4) CSS4_c.2656a SMARCA4 614609 3 no

Coffin-Siris syndrome-9 (CSS9) CSS9 SOX11 615866 10 no

Cohen-Gibson syndrome (COGIS); Weaver syndrome
(WVS)

PRC2 EED; EZH2 617561; 277590 7 yes

Cornelia de Lange syndromes 1,2,3,4 (CDLS1,2,3,4) CdLS NIPBL; SMC1A;
SMC3; RAD21

122470; 300590;
610759; 614701

57 yes

Down syndrome Down Chr21 trisomy 190685 40 yes

Dystonia 28, childhood-onset (DYT28) DYT28 KMT2B 617284 11 no

Epileptic encephalopathy, childhood-onset (EEOC) EEOC CHD2 615369 8 yes

Floating Harbor syndrome (FLHS) FLHS SRCAP 136140 20 yes

Gabriele-de Vries syndrome (GADEVS) GADEVS YY1 617557 10 no

Genitopatellar syndrome (see also Ohdo syndrome,
SBBYSS variant) (KAT6B)

GTPTS KAT6B 606170 4 yes

Helsmoortel-van der Aa syndrome (HVDAS) HVDAS_Ca ADNP 615873 13 yes

Helsmoortel-van der Aa syndrome (HVDAS) HVDAS_Ta ADNP 615873 23 yes

Hunter McAlpine craniosynostosis syndrome HMA Chr5q35-qter
duplication

601379 4 yes

Immunodeficiency-centromeric instability-facial
anomalies syndrome 1 (ICF1)

ICF_1 DNMT3B 242860 8 yes

Immunodeficiency-centromeric instability-facial
anomalies syndromes 2,3,4 (ICF2,3,4)

ICF_2_3_4 ZBTB24; CDCA7;
HELLS

614069; 616910;
616911

7 yes

Intellectual developmental disorder with seizures and
language delay (IDDSELD)

IDDSELD SETD1B 619000 10 yes

Kabuki syndromes 1,2 (KABUK1,2) Kabuki KMT2D; KDM6A 147920; 300867 149 yes

KDM2B-related syndrome KDM2B KDM2B unofficial 9 no

Autosomal dominant intellectual developmental
disorder-65 (MRD65)

KDM4B KDM4B 619320 6 no

Kleefstra syndrome 1 (KLEFS1) Kleefstra EHMT1 610253 32 yes

Koolen de Vreis syndrome (KDVS) KDVS KANSL1 610443 11 yes

Luscan-Lumish syndrome (LLS) LLS SETD2 616831 4 no

(Continued on next page)
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Methylation levels (beta values) were logit-transformed to M-

values and the transformed values used for linear regression

modeling using the limma package version 3.45.19.38 Estimated

blood cell proportions39 were added to the model matrix as con-

founding variables. The generated p values were moderated using

the eBayes function. Probes that had a mean methylation differ-

ence of less than 5% between the case and control samples were

removed.

Probe selection parameters were optimized depending on the

cohort size and signal differences to enhance separation between

the case and control samples as evaluated using hierarchical clus-

tering and multidimensional scaling (MDS) plots. The parameters

used were as follows: a probe ‘‘score,’’ the area under the receiver’s

operating curve (AUC), and a probe-to-probe methylation correla-

tion. First, a probe score was generated as previously described29 by

multiplying the absolute value of the mean methylation differ-

ence by the negative value of the log-transformed Benjamini-

Hochberg-adjusted p value. For some cohorts (typically small co-

horts), non-adjusted p values were used. The 800–1,000 probes

with the highest scores were selected, and receiver-operating char-

acteristic (ROC) curve analysis was applied, yielding 160–500

probes. Lastly, we calculated the Pearson’s correlation coefficients

for the selected probes and removed highly correlated probes. Us-

ing the final set of selected probes, we performed hierarchical clus-

tering using the R package gplots version 3.1.0 using the heat-

map.2 function with Ward’s method, and MDS was performed

by scaling of the pairwise Euclidean distances between samples.

Hierarchical clustering was assessed to ensure the case and control

samples were properly clustered, and MDS plots were assessed to

identify the set of probes that generated the greatest distance be-

tween the case and control samples. Leave-one-out sample cross-

validation was performed for each sample in each episignature

Table 1. Continued

Syndrome
Signature
abbreviation

Underlying gene or
region OMIM Samples

In EpiSign
V2 classifier

Menke-Hennekam syndromes 1,2 (MKHK1,2) MKHK_ID4a CREBBP; EP300 618332; 618333 13 no

Intellectual developmental disorder, X-linked,
syndromic, Armfield type (MRXSA)

MRXSA FAM50A 300261 6 no

Mental retardation, autosomal dominant 23 (MRD23) MRD23 SETD5 615761 25 yes

Mental retardation, autosomal dominant 51 (MRD51) MRD51 KMT5B 617788 7 yes

Intellectual developmental disorder, X-linked 93
(MRX93)

MRX93 BRWD3 300659 11 yes

Intellectual developmental disorder, X-linked 97
(MRX97)

MRX97 ZNF711 300803 15 yes

Intellectual developmental disorder, X-linked
syndromic, Nascimento-type (MRXSN)

MRXSN UBE2A 300860 4 yes

Intellectual developmental disorder, X-linked,
Snyder-Robinson type (MRXSSR)

MRXSSR SMS 309583 17 yes

Intellectual developmental disorder, X-linked,
syndromic, Claes-Jensen type (MRXSCJ)

MRXSCJ KDM5C 300534 49 yes

Myopathy, lactic acidosis, and sideroblastic anemia 2
(MLASA2)

MLASA2 YARS2 613561 11 no

Ohdo syndrome, SBBYSS variant (SBBYSS) SBBYSS KAT6B 603736 10 yes

Phelan-McDermid syndrome (PHMDS) PHMDS Chr22q13.3 deletion 606232 11 no

Rahman syndrome (RMNS) RMNS HIST1H1E 617537 8 yes

Renpenning syndrome (RENS1) RENS1 PQBP1 309500 8 no

Rubinstein-Taybi syndrome 1 (RSTS1) RSTS1 CREBBP 180849 37 no

Rubinstein-Taybi syndromes 1,2 (RSTS1,2) RSTS CREBBP; EP300 180849; 613684 39 yes

Rubinstein-Taybi syndrome 2 (RSTS2) RSTS2 EP300 613684 29 no

Sotos syndrome 1 (SOTOS1) Sotos NSD1 117550 69 yes

Tatton-Brown-Rahman syndrome (TBRS) TBRS DNMT3A 615879 27 yes

Velocardiofacial syndrome (VCFS) VCFS Chr22q11.2 deletion 192430 11 no

Wiedemann-Steiner syndrome (WDSTS) WDSTS KMT2A 605130 42 yes

Williams-Beuren deletion syndrome (WBS) Williams Chr7q11.23 deletion 194050 22 yes

Williams-Beuren duplication syndrome (Chr7q11.23
duplication syndrome)

Dup7 Chr7q11.23 duplication 609757 13 yes

Wolf-Hirschhorn syndrome (WHS) WHS Chr4p16.13 deletion 194190 12 yes

aEpisignatures that encompass a specific region or variant within a gene.
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cohort and evaluated using hierarchical clustering, MDS, and

methylation variant pathogenicity (MVP) plots (MVP plots

described below).

The e1071 R package version 1.7–4 was used to train a support

vectormachine (SVM) and for the construction of amulticlass pre-

diction model as previously described.29 Each cohort of case sam-

ples was trained against the control samples present in the EKD.

Controls consisted of samples from unaffected individuals and

other episignature samples (Table 1). Seventy-five percent of con-

trol samples were used for training and 25% were used for testing.

This was repeated four times so that each control sample was used

at least once for testing (4-fold training/testing cross-validation). A

final classifier for each cohort was made by training case samples

against all control samples to generate the EpiSign V3 clinical clas-

sifier.30 SVM decision values were converted to probability scores

according to Platt’s scaling method,40 which were then used to

create the MVP plots. The MVP score predicts the probability

that a sample’s methylation pattern matches a given episignature,

with scores closest to one indicating the highest probability.

Results

Identification of disorder-specific episignatures

We have previously described the EpiSign (EpiSign V2)

classifier, which included 38 episignatures, which encom-

passed 60 genes or genomic regions, related to 49

Mendelian neurodevelopmental disorders present in the

EKD.29,30 We applied our analysis pipeline to 16 additional

cohorts involving pathogenic variants in 14 genes or

genomic regions, enabling the identification of 19 novel

DNA methylation episignatures (Table 1): ARTHS; Beck-

Fahrner syndrome (BEFAHRS); Chr16p11.2 deletion syn-

drome, 593-KB; Coffin-Siris syndrome-1,2 (CSS1,2; genes

ARID1B, ARID1A); CSS4; CSS9; Dystonia 28, childhood-

onset (DYT28); Gabriele-de Vries syndrome (GADEVS);

KDM2B-related syndrome; autosomal dominant intellec-

tual developmental disorder-65 (MRD65); Luscan-Lumish

syndrome (LLS); Menke-Hennekam syndromes 1,2

(MKHK1,2); intellectual developmental disorder, X-linked,

syndromic, Armfield type (MRXSA); myopathy, lactic

acidosis, and sideroblastic anemia 2 (MLASA2); Phelan-

McDermid syndrome (PHMDS); Renpenning syndrome

(RENS1); RSTS1; RSTS2; and Velocardiofacial syndrome

(VCFS). To identify probes with more robust changes in

methylation, for each episignature, we first removed

probes that had a mean methylation difference of less

than 5% between the case and control samples. After

filtering, there was a median across the 19 episignatures

of 11,709 probes remaining. The final set of selected probes

for each episignature consisted of 100–500 differentially

methylated probes that best separated the case samples

from controls (Figure S2, Table S3). The probes for the 19

new episignatures were then added to and compared

with the probes from the previously reported episigna-

tures. Mean methylation levels of these classifier probes

showed hypomethylation in 40 (70%) and hypermethyla-

tion in 17 (30%) of the episignatures. Thirty-six (63%) of

episignatures showed moderate methylation differences

(between�10% andþ10%), 12 (21%) had a larger decrease

in methylation, and 9 (16%) had a larger increase in

methylation (Figure 1). While trends in episignature

methylation changes generally reflect global methylation

changes, ongoing work focused on the detailed analysis

Figure 1. Methylation differences of probes used for episignatures
Methylation differences between cases and controls for the microarray probes that make up each episignature for the newly identified
and previously reported episignatures. Red lines indicate mean methylation for each episignature. Asterisk indicates new episignatures
and/or those that have not previously been included in the multiclass classifier.
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of the broader genomic methylation patterns will provide

further insights into the molecular and functional aspects

of these epigenomic changes.

In addition to the common gene-level episignatures, we

identified novel distinct sub-gene level signatures associ-

ated with specific gene regions and domains. Six cases

with variants near position c.6200 in the last exon of

ARID1A or ARID1B were shown not to match the

BAFopathy signature. These included cases with missense

mutations in ARID1A: c.6232G>A,p.(Glu2078Lys)

(x2), c.6254T>G,p.(Leu2085Arg), and c.6275C>A,

p.(Ala2092Glu) and ARID1B: c.6032A>T,p.(Glu2011Val)

and c.6133T>C,p.(Cys2045Arg). In addition, the nearby

BAFopathy-positive sample ARID1A:c.6269A>G,p.

(His2090Arg) was included for comparison. By iterative

assessment, 4 of the 7 samples were determined to share

a common DNAmethylation profile, outlining the bound-

ary for this sub-gene episignature (Figures 2A–2C).

Three separate patients with CSS4 caused by the same

variant SMARCA4:c.2656A>G,p.(Met886Val) did not

match the general BAFopathy episignature but also clus-

tered separately from controls, indicating the presence of

a separate, distinct episignature (Figures 2D–2F and S3).

Additional cases in the EKD with nearby variants in

SMARCA4 were also tested: an unresolved case with

variant c.2620C>T,p.(Arg874Cys) and two samples that

matched the BAFopathy episignature and had variants

c.2932C>G,p.(Arg978Gly) and c.2933G>A,p.(Arg978Gln).

However, a consistent episignature could not be found

when any of these additional samples were included,

Figure 2. Gene region- or variant-specific sub-signatures
(A) The last exon of ARID1A and ARID1B shown with the location of seven variants in the c.6200 region colored by whether they match
the c.6200 episignature or not. (B and C)MDS (B) and hierarchical clustering (C) plots of the seven samples showing that the four central
samples have a matching episignature, while the outer three cluster with controls. For hierarchical clustering plots, each row represents
one microarray probe, and each column represents one sample. (D) Gene diagram of SMARCA4 (NM_001128849.1) showing the loca-
tion of the three c.2656A>G variants in exon 19 (red arrowhead). The five horizontal gray bars indicate the locations of protein domains:
QLQ, HSA, helicase ATP-binding, helicase C-terminal, and bromodomain. (E and F) MDS (E) and hierarchical clustering (F) showing that
the three CSS4 samples with the above variant cluster separately from controls and from other BAFopathy samples. (G) Protein diagram
of CREBBP/EP300 showing the location of protein domains (gray boxes) and intrinsically disordered (ID) domains (numbered). (H and I)
MDS (H) and hierarchical clustering (I) showing the MKHK_ID4 samples clustering separately from controls and from other MKHK
samples.
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providing further support for the distinct episignature

related to the SMARCA4:c.2656A>G,p.(Met886Val) variant

specifically.

MKHK1 and MKHK2 are caused by pathogenic variants

in exons 30/31 of CREBBP and EP300, respectively. Vari-

ants in these exons that affect additional downstream re-

gions of the protein, such as frameshift variants, are shown

to cause RSTS. Exons 30 and 31 include a ZZ domain, a

TAZ2 domain, and an intrinsically disordered linker

(ID4).41We evaluated 31 samples with variants in these do-

mains but were not able to identify an episignature com-

mon to all 31 samples. We therefore examined each

domain separately and were able to identify a distinct epis-

ignature for the 13 samples in the ID4 domain (episigna-

ture MKHK_ID4) but not for the ZZ or TAZ2 samples (Fig-

ures 2G–2I).

Syndromes caused by the same or by functionally related

genes (similar function or part of the same protein com-

plex) can be difficult to distinguish using episignatures.

We previously reported separate episignatures for GTPTS

and SBBYSS, which are both caused by pathogenic variants

in KAT6B.29 We have now identified an episignature for

ARTHS, which is caused by pathogenic variants in

KAT6A. We first used our standard pipeline for identifying

differentially methylated probes between ARTHS and con-

trol samples. The identified probe set showed sensitivity

for ARTHS, as all ARTHS samples could be distinguished

from controls based on supervised clustering. However, it

lacked specificity in relation to GTPTS and SBBYSS, as

ARTHS samples were interspersed with GTPTS and SBBYSS

samples (Figures 3A and 3B). By performing probe selec-

tion with GTPTS and SBBYSS samples in the control

cohort, we were able to identify probes that were both

highly sensitive and specific for ARTHS in relation to

GTPTS, SBBYSS, and controls. Using this updated probe

set, ARTHS samples clustered separately from controls

and from GTPTS and SBBYSS samples (Figures 3C, 3D,

and 4).

We previously reported a signature for RSTS that

included both RSTS1 (CREBBP) and RSTS2 (EP300) sam-

ples.29 Using this episignature, we were able to differen-

tiate RSTS1 and RSTS2 samples from controls but not

from each other (Figures 3E and 3F). By expanding the

size of the reference cohorts from 39 to 66 samples and

applying the strategy of including the alternate disorder

samples in the control cohort, we were able to identify

RSTS1- and RSTS2-specific episignatures (Figures 3G–3J).

EpiSign V3 classifier enables concurrent screening of 57

episignatures

We used an SVM-based approach to develop a multiclass

classifier enabling a sensitive and specific DNA methyl-

ation screening for all 57 distinct episignatures using a pre-

viously described strategy.29 We used a training/testing

experimental design to validate the episignatures. For

each episignature, all case samples plus 75% of all other

syndrome/episignature samples and unaffected controls

were used for training, and the remaining 25% were used

for testing. This was repeated four times so that each sam-

ple was used once for testing (and three times for training).

Testing MVP scores and mean training MVP scores are

shown in Figure 4A. Overall, MVP data showed a high level

of accuracy. The classifiers were highly sensitive, with all

cohort cases receiving a high score above 0.5 for their epis-

ignature. They were also highly specific, with only eight

samples (3.4%) scoring above 0.5 for an alternate cohort

episignature. In addition, of the approximately 1,200 unaf-

fected controls used as testing samples for each of the 19

episignatures (22,718 individual MVP scores), only five

had an MVP score above 0.1 and none had over 0.25.

Unsupervised clustering showed that five of the eight sam-

ples clearly did not match the secondary episignatures

despite their unexpectedly high MVP scores. Sample

1_CSS9 with variant SOX11:c.250G>A,p.(Gly84Ser) had

a high score for the ARTHS classifier (Figure 4A), but

when compared to other ARTHS samples, it clustered

with controls (Figure S4). Sample 2_CdLS with variant

RAD21:c.218del, p.(Tyr73Serfs*13) had a high score for

the RSTS2 classifier (Figure 4A) but clustered separately

from both controls and RSTS2 samples (Figures S5A and

S5B). Sample 3_RSTS1 with variant CREBBP:c.4507T>C,

p.(Tyr1503His) had elevated scores for the ARTHS,

GADEVS, and MLASA classifiers (Figure 4A) but clustered

separately from controls and from the three secondary

cohorts (Figure S6). Sample 4_ICF1, with DNMT3B variants

c.310C>T,p.(Arg104*) and 2162T>C,p.(Ile721Thr), had a

high score for the RSTS2 classifier (Figure 4A) but clustered

separately from controls and RSTS2 samples (Figures S5C

and S5D). Sample 5_WHS with variant 4p16.3p15.2

(68,345–24,136,683)x1 had a high score for the RSTS2 clas-

sifier but clustered with controls (Figures S5E and S5F).

Sample 6_IDDSELD with a deletion in 12q24.31 had a

high score for the KDM2B classifier (Figure 4A). While

this sample clustered distinctly from controls and

KDM2B samples, its separation from KDM2B was not as

clear as with the five previously described samples

(Figure S7). Sample 7_TBRS with variant DNMT3A:

c.2525A>G,p.(Gln842Arg) had a high score for the RSTS2

classifier (Figure 4A). MDS showed overlap with RSTS2

samples; however, the hierarchical clustering heatmap

methylation pattern differed from RSTS2 samples (Figures

4G and 4H). Sample 8_DYT28 with variant KMT2B:

c.4844C>T,p.(Ser1615Leu) had a high score for the

MLASA2 classifier (Figure 4A) and clustered with other

MLASA2 samples (Figures S8A and S8B). While this sample

also clustered well with other DYT28 samples (Figures S8E–

S8G), the heatmap results showed hypermethylation

compared to others in the DYT28 cohort (Figure S8E). Sam-

ple 8_DYT28 also scored higher than expected, although

below 0.5 at 0.36, for episignature KDM2B (Figure 4A);

however, unsupervised clustering using the KDM2B epis-

ignature probes showed that the sample did not cluster

well with either KDM2B samples or controls (Figures S8C

and S8D).
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Besides these eight samples, all ADCADN samples had

elevated MVP scores for the BEFAHRS classifier (Figure 4A).

ADCADN is caused by activating mutations in the DNA

methyltransferase DNMT1, whereas BEFAHRS is caused

by deactivating mutations in the DNA demethylase

TET3, with both resulting in overall hypermethylation.

Figure 3. Identifying episignatures to distinguish between closely related syndromes
Hierarchical clustering and MDS plots are shown for each episignature. For hierarchical clustering plots, each row represents one micro-
array probe, and each column represents one sample. (A and B) ARTHS probe selection using only ARTHS and control samples. (C and D)
ARTHS probe selection when GTPTS and SBBYSS samples are included as controls. (E and F) The previously reported RSTS (RSTS1/RSTS2
combined) episignature. (G and H) The RSTS1 episignature generated by including RSTS2 samples as control. (I and J) the RSTS2 epis-
ignature generated by including RSTS1 samples as control.
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However, unsupervised clustering is able to clearly distin-

guish between the two methylation profiles (Figures S9A

and S9B). A similar observation is seen in relation to AD-

CADN samples and the RENS1 classifier (Figures 4A, S9C,

and S9D).

To increase specificity of the final classifiers, for each

cohort, the case samples were trained against all other

episignature samples and controls in the EKD. These

final classifiers were added to our previously reported clas-

sifiers to create the 57 episignature multiclass system for

sample classification (Figure 4B). This reduced the non-

specific MVP scores for most of the previously discussed

samples; however, two GADEVS samples (GADEVS_1

and GADEVS_2) had MVP scores over 0.5 for the previ-

ously reported BAFopathy episignature (Figure 4B). Exam-

ination of the full GADEVS cohort found that five others

Figure 4. Support vector machine-based classifiers for concurrent episignature detection
(A) Each of the 19 new episignatures were evaluated using 4-fold cross-validation. For each fold, a different 25% of samples were used for
testing (blue), and the remaining 75% of samples were used for training (gray). The case samples for each episignature are shown in red.
The eight testing samples referenced in the text are labeled. (B) The final classifiers for all 57 episignatures. The case samples for each
episignature are shown in red, and all other samples are in black. Non-case RSTS samples (for example, RSTS1 samples in the RSTS2 col-
umn) are in blue. Arrowheads indicate the two GADEVS samples with high BAFopathy scores.
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had elevated BAFopathy episignature MVP scores, from

0.01 to 0.11, with the remaining three being less

than 0.01. Leave-one-out cross-validation of the two

GADEVS samples, which scored highest for BAFopathy,

showed that they specifically matched other GADEVS

samples (Figures S10A–S10F). Unsupervised clustering of

GADEVS and BAFopathy samples using the BAFopathy

episignature probes showed all GADEVS samples clus-

tered with controls except for the one GADEVS

sample that scored highest for BAFopathy (GADEVS_1),

which clustered near other BAFopathy samples (Figures

S10G and S10H), suggesting that this sample at least

partially matches both the GADEVS and BAFopathy

episignatures.

Screening unresolved cases

The 19 new classifiers were used to assess a cohort of sam-

ples from the EKD, which were previously assessed using

EpiSign V2 but were unsolved. Nineteen samples had an

MVP score greater than 0.5 for one of the new classifiers.

Hierarchical clustering andMDS analysis ruled out the ma-

jority of these cases, leaving three that clustered with their

target cohorts.

Sample 1 (Unresolved_1) had an MVP score for

MKHK_ID4 of 0.98, and unsupervised clustering showed

that this sample clustered with other MKHK_ID4 samples

(Figures 5A and 5B). Follow-up with the submitting clini-

cian confirmed that the patient carried a subsequently

identified CREBBP exon 31 pathogenic variant and had a

Figure 5. Screening unresolved cases
Samples with MVP scores greater than 0.5 were further assessed by unsupervised clustering plots. Hierarchical clustering and MDS plots
are shown for each case. For hierarchical clustering plots, each row represents one microarray probe, and each column represents one
sample. (A) Sample Unresolved_1, a previously unresolved case that matches the MKHK_ID4 episignature. (B) Sample Unresolved_2,
a previously unresolved case that matches the LLS episignature. (C) Sample Unresolved_3, a previously unresolved case that matches
the VCFS episignature.
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clinical diagnosis of MKHK, confirming the EpiSign find-

ings. Sample 2 (Unresolved_2) had an MVP score for LLS

of 0.93, and unsupervised clustering showed that this sam-

ple clustered with other LLS samples (Figures 5C and 5D),

but further clinical information was not available for

follow up. Sample 3 (Unresolved_3) is from a 5-year-old

male with the variant UBE2A:c.283C>T,p(.Arg95Cys) and

phenotype of the Nascimento form of syndromic X-linked

mental retardation (MRXSN); however, previous EpiSign

analysis ruled out the MRXSN episignature. This sample

had anMVP score for VCFS of 0.64, and unsupervised clus-

tering showed that this sample clustered near other VCFS

samples (Figures 5E and 5F). Array comparative genomic

hybridization showed that the patient did not have the

VCFS-associated Chr22q11.2 deletion. Clinical follow-up

confirmed this subject has an intellectual disability, a

congenital heart defect, and dysmorphism consistent

with MRXSN. This subject is described in greater detail

by Cordeddu et al. as patient #7.42

Discussion

Expanding the EpiSign classifier by 19 episignatures

Peripheral blood DNA methylation episignatures have

emerged as highly specific biomarkers in a growing num-

ber of Mendelian disorders.30,43,44 This study significantly

expands on our previous work29 by describing 19 new epis-

ignatures, bringing the total to 57. The expanding land-

scape of Mendelian episignatures includes genes and disor-

ders beyond those with direct involvement of chromatin

regulatory mechanisms. Twenty seven (71%) of our 38 pre-

viously reported episignatures represent chromatinopa-

thies, while in the present study, chromatinopathies ac-

counted for only 10 (53%) of the episignatures reported.

Five of the new episignatures detect syndromes caused

by pathogenic variants in histone remodeling genes:

ARTHS (KAT6A), DYT28 (KMT2B), LLS (SETD2), MRD65

(KDM4B), and the as-yet-unnamed syndrome related to

KDM2B. Three are associated with syndromes caused by

transcription factors: GADEVS (YY1), CSS9 (SOX11), and

RENS1 (PQBP1). Another three episignatures define syn-

dromes caused by copy-number variation: Chr16p11.2

deletion syndrome, PHMDS caused by Chr22q13.3del,

and VCFS caused by Chr22q11.2del. The previously re-

ported RSTS episignature has been refined into two distinct

episignatures that can now differentiate between RSTS1

(CREBBP) and RSTS2 (EP300). The sensitivity of BAFopathy

detection has been improved with the identification of

two sub-signatures for specific regions or variants in

ARID1A, ARID1B, and SMARCA4, which cause CSS1,

CSS2, and CSS4. Another region/domain-level signature,

the MKHK_ID4 episignature defines the subset of

MKHK1 and MKHK2 caused by pathogenic variants in

the CREBBP/EP300 ID4 domain. The final three episigna-

tures are for BEFAHRS, caused by the DNA demethylase

TET3; MLASA2, caused by the mitochondrial gene

YARS2; and MRXSA, caused by FAM50A, which has a role

in mRNA splicing.45

Each episignature consists of the 100–500 CpGs that

best distinguish the samples of the given cohort from all

other samples and which therefore have applications for

clinical diagnostic testing.30 The initial identification of

differentially methylated probes based only on methyl-

ation difference and p value, without additional filtering,

identified a median of 11,709 probes per cohort. Com-

bined, these changes represent over 100,000 individual

differentially methylated CpGs. Future studies will be

needed to investigate the biological significance of these

changes. For example, to examine the genomic location

of differentially methylated CpGs. It will also be necessary

to identify the functions of genes that overlap changes in

DNA methylation and explore in more detail the relation-

ships between episignatures. Identifying such functional

consequences may help explain why certain CpGs or re-

gions exhibit changes in DNA methylation and may pro-

vide insight into the mechanisms behind syndrome-spe-

cific phenotypes.

Approximately 5%–10% of pathogenic variants may be

mosaic,46 which presents a challenge for the clinical use

of episignatures and genetic diagnostic tests in general. If

suchmutations occur early in development and affectmul-

tiple tissues it is likely that DNA methylation differences

will be exhibited in peripheral blood, albeit at lower levels

reflective of the degree of mosaicism. Episignatures with

more robust methylation differences will likely enable

lower levels of mosaicism detection than ones for less pro-

nounced episignatures. Mutations that occur later in devel-

opment and affect specific tissues, such as amosaicism that

only affects neural tissue, would not be detected using an

episignature test, which relies on peripheral blood sam-

ples. Further analysis of representative patient cohorts

with mosaicism will be needed to determine thresholds

of detection independently for each episignature.

Studies have used the 450K or EPIC arrays, which assess

approximately 450,000 and 850,000 CpGs, respectively, to

identify differences in DNA methylation between ethnic/

racial groups. While one study found 26,262 differentially

methylated CpGs between two populations,47 several

others found changes limited to a few hundred to a few

thousand CpGs.48–52 Additional studies will be needed to

determine whether these differences affect the accuracy

of episignatures. Excluding ethnicity-associated CpGs

from episignature analysis, similar to how SNP-associated

and other potentially confounding CpGs are currently

excluded (see Materials and methods), could help account

for potential ethnic diversity.

Variant-, region-, and domain-specific episignatures

Previous work showed that pathogenic variants in one

gene can sometimes lead to more than one episignature

depending on where in the gene the variant occurs.19

Furthering this concept, we have identified three episigna-

tures specific to a sub-section of a gene. The CSS1 and CSS2
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genetic region-specific sub-signature was observed in cases

with missense variants surrounding the c.6200 region

within the ARID1A (CSS1) and ARID1B (CSS2) genes (Fig-

ures 2A–2C). The paralogs ARID1A and ARID1B are

exchangeable core components of the BAF chromatin re-

modeling complex. Pathogenic variants in either gene

lead to recognizable clinical features of CSS.53 Previous

studies suggested a broad distribution of pathogenic vari-

ants across ARID1A and ARID1B,53 while a recent study

proposed a model for ARID1A-mediated DNA and protein

complex interactions,54 with two key domains identified:

the N-terminal ARID domain responsible for DNA binding

and the C-terminal domain of unknown function, recently

annotated as BAF250_C.54,55 This new CSS_c.6200 epis-

ignature consists of variants within the BAF250_C domain.

The nearest variants assessed that do not match this signa-

ture also lie within the BAF250_C domain (Figures 2A–2C),

suggesting further specificity within the domain.

An extreme example of sub-signature specificity is

evident in another BAFopathy gene, SMARCA4 (involved

in CSS4), and was observed in multiple cases with the

same pathogenic variant c.2656A>G (Figures 2D and 2E).

SMARCA4 is an ATPase subunit of the BAF complex with

a critical role in regulating chromatin structure and tran-

scription,56 with previously described variability in clinical

presentation.57 The SMARCA4:c.2656A>G,p.(Met886Val)

variant is in the helicase ATP-binding domain, which lies

between themutational hotspot HAS domain and the heli-

case C-terminal domain.58 One other sample with a

variant in the helicase domain did not match this sub-

signature, indicating that this is a variant-specific and

not domain-specific episignature.

A domain-specific episignature associated with the ID4

domain was seen in the MKHK cohort. MKHK is caused

by pathogenic variants in CREBBP (MKHK 1) and EP300

(MKHK 2).59 CREBBP and EP300 are both transcriptional

coactivators and histone acetyltransferases60 that, when

mutated, result in a common pathogenic mechanism

involving aberrant chromatin regulation. Variants in

both genes were assessed for a potential episignature.

Though an overarching common episignature for MKHK

types 1 and 2 was not identified, samples with pathogenic

variants within ID4 of both genes clustered together

and separately from all other MKHK and control samples

(Figures 2F and 2G). This provides a unique instance where

episignature discovery resulted in a domain-specific

sub-signature across two paralogs emerging without a

disorder-specific syndrome episignature defined first.

Additional case samples along with detailed clinical de-

scriptions will be necessary to determine if these sub-signa-

tures could be associated with a specific clinical presenta-

tion within the associated syndrome.

Achieving episignature specificity in closely related

disorders

Specificity of episignature classifiers can be ensured by

training each classifier against samples from all other epis-

ignatures. However, as more episignatures are defined,

particularly when they represent similar syndromes or

genes, an additional step may be needed. The inclusion

of samples from cohorts with similar episignatures in the

control sample sets during the initial probe selection al-

lows for additional specificity by deprioritizing probes

with concurrent methylation changes between the two

overlapping episignatures. Using this strategy, we were

able to separate the previously reported combined RSTS1/

RSTS2 episignature into almost fully distinct RSTS1 and

RSTS2 episignatures. While some RSTS2 samples cluster

near RSTS1 samples (Figure 3H) and a few RSTS1 and

RSTS2 samples have high MVP scores for the reciprocal

episignature (Figures 4A and 4B), these cases can be

resolved by the combination of clustering analysis and

MVP scores.

A similar challenge was encountered when assessing the

ARTHS cohort, caused by mutations in KAT6A.61 ARTHS

has some clinical overlap with two other syndromes that

have defined episignatures: SBBYSS and GTPTS.62 SBBYSS

and GTPTS are both caused by pathogenic variants in

KAT6B. KAT6A and KAT6B are paralogous lysine acetyl-

transferases within the conserved MYST family and form

a complex with other proteins to modulate gene expres-

sion via histone acetylation.62 Therefore, the disruption

of this protein complex due to pathogenic variants or the

loss-of-function of either KAT6A or KAT6B likely impacts

the same downstream pathways and leads to similar and

overlapping DNA methylation changes across the genome

during development. Despite the significant overlap be-

tween ARTHS and the SBBYSS and GTPTS episignatures

(Figures 3A and 3B), we were able to define an ARTHS epis-

ignature by implementing the same method used to differ-

entiate RSTS1 and RSTS2 episignatures (Figures 3C and

3D). This approach will be important going forward as

more similar syndromes, both in phenotypic presentation

or molecular mechanism, are assessed for episignatures,

and differences in DNA methylation patterns between

such syndromes are more difficult to ascertain.

Assessing complex cases with more than one potential

positive result

All samples used to define the 57 episignatures were tested

at least once against each new episignature classifier to

generate the MVP probability scores (Figure 4A) to ensure

specificity. ADCADN samples scored high (MVP over 0.5)

for both BEFAHRS and RENS (Figure 4A), but unsupervised

clustering demonstrated clear grouping for each cohort

(Figure S9). Some samples, however, showed less distinct

unsupervised clustering and required further assessment.

Sample 8_DYT28 had a variant in KMT2B, which is associ-

ated with DYT28, which is characterized by childhood-

onset dystonia. This sample had high MVP scores and

distinct unsupervised clustering for two episignatures:

DYT28 and MLASA2. MLASA2 is caused by mutations in

YARS2 and is a mitochondrial respiratory chain disor-

der63 characterized by skeletal myopathy, lactic acidosis,
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and sideroblastic anemia. The MLASA2 episignature is

overall hypomethylated (Figure 1) but contains a block of

hypermethylated probes, as shown on the heatmap, where

strongly hypomethylated probes in controls are less hypo-

methylated in MLASA2 samples (Figure S2M). Sample

8_DYT28 exhibits more hypermethylation than other

samples present in the DYT28 cohort (Figure S8C), with

the DYT28 episignature also presenting with mean hyper-

methylation overall (Figure 1). In addition to the two

already noted MVP scores over 0.5, sample 8_DYT28 had

a moderate score for the hypermethylated KDM2B epis-

ignature at 0.36, although unsupervised clustering was

less conclusive than either the DYT28 or MLASA2 results

(Figure S8). Therefore, the unexpectedly high MVP scores

for sample 8_DYT28 may be due to non-specific overlap

of hypermethylated probes. However, the possibility of a

pathogenic variant in YARS2 or KDM2B has not been ruled

out, and sequencing of these genes for this subject should

be considered.

Another example of such overlap was observed in previ-

ously established, strongly hypomethylated episignature

samples (ICF1, TBRS, and Wolf-Hirschhorn syndrome

[WHS]; Figure 1) that demonstrated moderate MVP scores

for RSTS2 (Figure 4A), which also exhibits overall hypome-

thylation. The ICF1 (4_ICF1) and WHS (5_WHS) samples

showed unsupervised clustering that ruled out RSTS2 (Fig-

ures S5C–S5F, respectively), but the TBRS sample was more

ambiguous, clustering closer to the RSTS2 samples than to

the controls (Figures S5G and S5H). It is important to note

that while the TBRS sample clustered with the controls in

theMDS plot (Figure S5H), the hierarchical clustering heat-

map showed differences from RSTS2 samples with the sam-

ple clustering in a branch separate from the other RSTS2

samples (Figure S5G). In this instance, a review of overlap-

ping probes and their relative methylation could also be

used to determine if the observed MVP score for this

TBRS sample represents non-specific hypomethylation

overlap with RSTS2 rather than a true episignature match

when this sample is used for testing; however, the possibil-

ity that this sample contains variants in genes associated

with both TBRS and RSTS2 has not been ruled out.

Two samples with documented pathogenic variants in

YY1 associated with GADEVS presented with elevated

MVP scores for the BAFopathy episignature (Figure 4B).

Both samples exhibited an MVP score greater than 0.5;

however, one sample (GADEVS_1) clustered closer to BAF-

opathy samples than to controls (Figures S10A and S10B).

YY1 is a DNA-binding factor that can activate or repress

gene expression via cofactor recruitment, the disruption

of binding sites, or conformational DNA changes and plays

an important role in embryogenesis, differentiation, DNA

replication, and cellular proliferation.64 The BAF complex

is also important in embryonic development,65,66 and a

recent study has demonstrated the interaction between

YY1 and seven of the BAF complex subunits in mouse

embryonic stem cells, which promotes proliferation.67

Further comparison of YY1 and BAF complex subunit

SMARCA4-binding sites showed a significant overlap, sug-

gesting that YY1 may work with the BAF complex to main-

tain pluripotency.67 Therefore, it is possible that the

elevated MVP scores observed in the GADEVS samples

could represent a functional overlap between YY1 and

the BAF complex that results in similar differentially meth-

ylated regions. Further investigation into the overlap of

the probes within these two episignatures is required.

Finally, a subject sample (6_IDDSELD) with a 1.5 Mb

deletion on chromosome 12 including SETD1B, assessed

clinically and by episignature analysis as positive for

IDDSELD, demonstrated a high MVP score for KDM2B

(Figure 4A). The deletion starts approximately 215 kb up-

stream of the KDM2B start site. While unsupervised MDS

clustering showed that this sample clustered away from

controls (Figure S7B), the hierarchical clustering indicated

that the sample was more like the KDM2B cases than

the controls (Figure S7A). This high MVP score and unsu-

pervised clustering indicate a partial match to the

KDM2B episignature, which could potentially be a result

of KDM2B upstream regulatory elements that may be

impacted by the deletion observed in this sample, poten-

tially resulting in decreased KDM2B expression and

possible changes to the methylome. While the vast major-

ity of cases present with highly specific episignatures, these

examples demonstrate an approach to assessing more

complex cases and the importance of reviewing supervised

and unsupervised algorithm outputs, as well as gene func-

tion and mean episignature methylation patterns. We

have previously discussed inmore detail the clinical imple-

mentation and use of episignatures, including the use

of clustering analysis with MVP scores for clinical

diagnose.30

Conclusions

This study expands the number of defined episignatures in

Mendelian disorders to 57. In addition to seven imprinting

disorders and two trinucleotide repeat expansion disor-

ders,18 EpiSign V3 now screens for a total of 74 syndromes,

which further broadens the clinical utility of DNA methyl-

ation analysis as a screening tool, an additional approach

to unresolved cases, and a method for VUS reclassification.

Further clinical adoption will benefit from the develop-

ment of specific guidelines for episignature assessment

within the scope of general guidelines for the interpreta-

tion of functional evidence in genetic testing.68 The

continued refinement of existing episignatures, including

the characterization of sub-signatures and the addition of

disorders assessed by new episignatures, will be required

as the number of disorders and complexity of the data

and clinical associations continue to expand. The epige-

netic landscape during development, depicted by Conrad

Waddington as a ball atop a hill with multiple intersecting

paths to follow, represents developmental ‘‘choices’’ that

cells must make that are influenced by epigenetic changes

that alter the possible paths to choose from.69 DNA

methylation has emerged as a reliable marker for these
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changes within the epigenetic landscape. Ongoing large-

scale studies, such as EpiSign-CAN, are expected to provide

insight into the real-world applications and the health-sys-

tem impact of DNA methylation episignature assessment

in the diagnosis of genetic disorders. International advi-

sories such as the currently ongoing International Rare

Disorders Research Consortium70 ‘‘Working Group on

Integrating New Technologies for the Diagnosis of Rare

Diseases’’ are focused on developing guidelines for the

establishment of diagnostic standards for new molecular

technologies including diagnostic DNA methylation anal-

ysis in Mendelian disorders. Finally, the broadening clin-

ical utility of DNA methylation testing for the diagnosis

of Mendelian disorders highlights the need for the expan-

sion of the current ACMG recommendations68 for the

application of the functional evidence in genetic variant

interpretation.

Data and code availability

Some of the datasets used in this study are available

publicly as previously described.29 Sixteen of the 17

Chr16p11.2del samples are from GEO: GSE113967.33 Ano-

nymized data for each subject is described in the study. The

raw DNA methylation data for other samples are not avail-

able due to institutional and ethics restrictions. The soft-

ware used in this study is publicly available with software

packages and versions described in the Materials and

methods.
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