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Purpose: The main objective of this study was to assess clinical features and genome-wide DNA
methylation profiles in individuals affected by intellectual developmental disorder, autosomal
dominant 21 (IDD21) syndrome, caused by variants in the CCCTC-binding factor (CTCF) gene.
Methods: DNA samples were extracted from peripheral blood of 16 individuals with clinical
features and genetic findings consistent with IDD21. DNA methylation analysis was performed
using the Illumina Infinium Methylation EPIC Bead Chip microarrays. The methylation levels
were fitted in a multivariate linear regression model to identify the differentially methylated
probes. A binary support vector machine classification model was constructed to differentiate
IDD21 samples from controls.
Results: We identified a highly specific, reproducible, and sensitive episignature associated with
CTCF variants. Six variants of uncertain significance were tested, of which 2 mapped to the
IDD21 episignature and clustered alongside IDD21 cases in both heatmap and multidimensional
scaling plots. Comparison of the genomic DNA methylation profile of IDD21 with that of 56
other neurodevelopmental disorders provided insights into the underlying molecular patho-
physiology of this disorder.
Conclusion: The robust and specific CTCF/IDD21 episignature expands the growing list of
neurodevelopmental disorders with distinct DNA methylation profiles, which can be applied as
supporting evidence in variant classification.
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Introduction

Neurodevelopmental disorders (NDDs) are a diverse group
of conditions, including heritable disorders, which may
affect up to 17% of the population." These disorders are
characterized by a range of complex and overlapping
symptoms, which can make their clinical diagnosis chal-
lenging. Despite recent advancements in genomics and ge-
netic testing, demonstrating an underlying genetic cause for
many patients with suspected genetic disorders remains
challenging. Traditional genetic tests may fail to detect a
causal variant or identify genetic variants of uncertain
clinical significance (VUS).”

DNA methylation of cytosine-guanine dinucleotides
(CpGs) is an epigenetic modification with broad range of
molecular functions including chromatin organization and
gene expression.” The CpGs islands are a hotspot for path-
ological mutations across the human genome.” DNA
methylation changes can be a functional consequence of
variation in DNA sequences.” In recent years, specific pat-
terns of the DNA methylation in over 50 distinct neuro-
developmental conditions, referred to as episignatures, have
been validated as accurate biomarkers in clinical di-
agnostics.” Therefore, episignatures have been proven to be
a useful diagnostic tool in the diagnostic assessment of pa-
tients with a suspected specific genetic syndrome, and in the
reclassification of VUS detected using genomic sequencing
or micro-array analysis.

Intellectual developmental disorder, autosomal domi-
nant 21 (IDD21; MIM# 615502), is a syndromic condition
characterized by developmental delay, intellectual
disability, behavioral abnormalities, feeding difficulties,
and, occasionally, minor facial dysmorphic features are
also present. This NDD, which is also referred to as CTCF-
related disorder, was first described by Gregor et al,” who
reported 4 individuals with de novo variants in the
CCCTC-binding factor (CTCF) gene. Since then, multiple
case reports and larger patient cohorts have been published,
expanding the genotypic and phenotypic spectrum of
CTCF-related conditions.”'* Because of the atypical and
heterogeneous phenotypes observed, the timely clinical
diagnosis of this rare syndrome can be challenging.

This study describes the identification of a robust epis-
ignature for IDD21 established by analyzing the DNA from
peripheral blood from a cohort of 16 patients with this
syndrome. Two clinical examples are provided in which the
episignature biomarker eventually led to a diagnosis of
IDD21 syndrome. We also compared the IDD21 methyl-
ation signature and performed functional and correlative
assessment of DNA methylation patterns, relative to other
established episignature disorders. This study demonstrates
the clinical utility of IDD21 episignature, as part of the
growing number of episignature disorders, in clinical
genetic practice.

Materials and Methods
Subjects and cohorts

DNA samples were extracted from peripheral blood of 16
individuals (age range 3-37 years; 9 males and 7 females)
with genetic variants in CTCF and clinical features consis-
tent with IDD21. Supplemental Table 1 presents the clinical
features and genetic variants classified as pathogenic, likely
pathogenic, and VUS according to American College of
Medical Genetics (ACMG) and the Association for Mo-
lecular Pathology (AMP) guidelines.'>'® The transcript
number NM_006565.3 was used for the CTCF variants
analysis. Ten subjects had certain pathogenic or likely
pathogenic heterozygous variants, whereas 6 VUS were
identified in 6 unrelated individuals.

The samples with pathogenic or likely pathogenic vari-
ants were divided into 2 cohorts: 7 samples were used as
discovery cohort, and 3 remaining samples were then used
to validate the IDD21 epsignature. The discovery cohort
was used to select probes and construct the model. We then
applied the IDD21 epsignature to VUS samples and
assessed them using supervised and unsupervised clustering
methods. Finally, all the samples, including the now
reclassified pathogenic cases with previous VUS findings,
with a confirmed IDD21 epsignature were used to train the
model and to perform functional analysis.

All the samples and records were de-identified. Physi-
cians obtained written consent from the patients for use of
their clinical information in this research. The research was
conducted in accordance with all relevant ethical regula-
tions. The study protocol was approved by the Western
University Research Ethics Board (REB 106302).

Methylation data analysis

DNA methylation analysis was performed using the [llumina
Infinium Methylation EPIC Bead Chip microarrays accord-
ing to the manufacturer’s protocol (Illumina). This array type
covers more than 860,000 CpG sites across the human
genome. The procedure of DNA methylation analysis and
episignature discovery were previously described.”'’ The
intensity data files including the methylated and unmethy-
lated signal intensities were analyzed using R 4.2.0. The minfi
package (version 1.42.0) was used to normalize the data using
the Illumina normalization method with background correc-
tion."® Probes with detection P value > .01 and those located
on X and Y chromosomes were excluded. In addition, probes
containing single-nucleotide variations (formerly single-
nucleotide polymorphisms) at or near the CpG interrogation
or single nucleotide extension sites, as well as those cross-
reacting with chromosomal locations other than their target
regions were discarded from the data set. In total, 689,325
probes remained for further analyses. Moreover, arrays
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having high probe failure (>5%) and those imposing the
batch effect were excluded from the data set. The genome-
wide methylation density was assessed for all the samples
to exclude those deviating from a bimodal signal distribution.
The structure of batches was assessed using principal
component analysis (PCA) to identify outliers.

Selection of matched controls

Controls were randomly selected from EpiSign™ Knowl-
edge Database (EKD)'() at the London Health Sciences
Centre. Controls were matched based on age, sex, and array
type using Matchlt package (version 4.5.1).”" The matching
quality and sample sizes were optimized to achieve con-
sistency across all analyses. For each matching trial, PCA
was performed to ensure none of the matched controls were
outliers. This process was repeated until no outlier could be
identified by the PCA’s first 2 components. The final sample
size of controls (n = 56) was 8 times larger the size of cases
included in the discovery cohort (n = 7).

DNA methylation profiling of IDD21

Methylation level (B-value) of each probe was calculated as
the ratio of methylated signal intensity over the sum of
methylated and unmethylated signal intensities, ranging
between O (no methylation) and 1 (full methylation). The
B-values were then logit transformed into M-values (log,(p/
(1-p))) to increase the homoscedasticity for linear modeling.
The M-values were fitted in a multivariate linear regression
model using the limma package (version 3.52.4)*' to iden-
tify the differentially methylated probes (DMPs). The model
was adjusted for confounding variable of blood cell type
composition. The blood cell type mixture was estimated
based on the algorithm developed by Houseman et al.”* The
eBayes function of the limma package was applied to
moderate the P values obtained in linear modeling. In
addition, the P values were corrected for multiple testing
according to the Benjamini and Hochberg method.”” The
best set of probes was selected in 3 steps. Initially, the ab-
solute methylation difference between cases and controls
were multiplied by the negative value of the log-transformed
adjusted P value, and 800 probes with the highest scores
were selected for the next step. At the second step, a re-
ceiver’s operating curve characteristics analysis was applied
to choose 400 probes with the highest area under the re-
ceiver’s operating curve. Finally, the pairwise correlation
coefficient of probes were measured between case and
control samples, and 159 probes with correlation >.90 were
removed. The remaining 241 DMPs were then used to
construct a hierarchical clustering (heatmap) model using
Ward’s method on Euclidean distance. Furthermore, a
multidimensional scaling (MDS) model was performed by
scaling of the pairwise Euclidean distances between samples
to evaluate separation between the cases and controls.

Construction of a classification model

A binary support vector machine (SVM) classification
model was trained using the e1071 R package (version 1.7-
13), as previously described.'” The classifier generates a
methylation variant pathogenicity (MVP) score predicting
the probability that a sample’s methylation pattern matches
a given episignature. The MVP scores range between 0 and
1, with scores close to 1 indicating a high probability of a
methylation pattern for the target syndrome and scores close
to O indicating a methylation profile similar to controls.
Training cases, matched controls, 75% of other controls and
75% of cases of 56 other NDDs from the EKD were used to
train the SVM classifier. The remaining 25% of controls and
25% of other NDDs from the EKD were used for testing.
The SVM classifier was generated in different analyses
including episignature discovery, validation of IDD21
episignature, and assessment of VUS samples. The final
model was trained using 12 samples with a confirmed
IDD21 episignature.

Cross validation

The robustness of the episignatures was assessed using 12
rounds of leave-one-out cross validation. In each round, 11
of samples with a confirmed IDD21 episignature were used
for probe selection and the other one was included as testing
sample. The heatmap and MDS plots were used to visualize
the samples classification in each round.

Functional annotation and comparison of IDD21 to
other episignature syndromes

Functional annotation was performed according to the
procedure that was previously described by Levy et al.”*
To assess the overlap between the methylation profile of
IDD21 and other disorders, the IDD21 subjects were
trained against controls matched for age and sex. The
controls were selected from individuals who were not
diagnosed with a disorder or did not have an identified
episignature. Probes with mean methylation differences
>5% between the IDD21 cases and the matched controls,
and Benjamini and Hochberg adjusted P values < .01 were
selected as DMPs. Heatmap and circus plots were used to
visualize the percentage of DMPs shared between IDD21
and 56 other NDDs in the clinical EKD. Heatmap and
circos plots were generated using pheatmap (version
1.0.12) and circlize (version 0.4.15)25 R packages,
respectively. The top 500 DMPs with the most significant
P values were used to measure the distance and similarities
between IDD21 and other 56 EKD cohorts using clustering
methods. The global methylation differences and total
number of identified DMPs in each cohort were visualized
by a tree and leaf plot using the R package TreeAndLeaf
(version 1.6.1).
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Identification of the differentially methylated
regions of IDD21

The differentially methylated regions (DMRs) were identi-
fied using the DMRcate package (version 2.10.0) in R.”° A
region was considered as DMR if it harbors at least 5
different CpGs within 1 kb with a minimum methylation
difference of 10% between the case and the control samples,
and a Fisher’s multiple comparison P value < .01. The
annotatr R package (version 1.22.0) was used to annotate
the genomic locations of DMRs with CpG islands (CGIs)
and genes.”’ The annotations hg19_cpgs, hg19_basicgenes,
hgl9_genes_intergenic, and hgl9_genes_intronex-
onboundaries within the AnnotationHub (version 3.2.2)
were used as annotation resources. The CGI annotations
included CGI shores, which encompassed 0-2 kb on either
side of CGlIs, CGI shelves, which encompassed 2 to 4 kb on
either side of CGls, and inter-CGI regions, which covered
all remaining regions. The genomic regions within 1 kb
upstream of the transcription start site were classified as
promoters, and regions from 1 to 5 kb upstream of the
transcription start site were classified as promoter+. Un-
translated regions (5'-UTR and 3'-UTR), exons, introns, and
exon/intron boundaries were included in gene annotations
under the “gene body” category. The gene ontology (GO)
analysis was then performed on detected DMRs using
missMethyl (version 1.28.0) package of R.*®

Results

The case cohort included 16 subjects, including 10 with a
pathogenic or likely pathogenic heterozygous variant in the
CTCF gene, and 6 with a VUS. Fourteen individuals carried
missense variants, whereas 2 subjects had a non-sense variant.
All patients presented with clinical features consistent with
those previously described as associated with IDD2I,
including intellectual disability/developmental delay, autism,
and variable structural anomalies. Supplemental Table 1
presents the molecular, demographic, and clinical features
of all included individuals. The molecular details, including
de novo and previously identified CTCF variants, are pre-
sented in Supplemental Figure 1. Five novel variants,
including case 5 (p.Arg339Leu), case 11 (p.His541Leu), case
12 (p.Leu98Ser), case 13 (p.Pro200Ser), and case 14
(p-Ile685Met), were reported for the first time.

Identification and assessment of an episignature
for IDD21

Discovery of IDD21 episignature
Seven samples with pathogenic or likely pathogenic variants
were initially used for probe selection and model

construction. A clear separation was observed between cases
and controls in both hierarchical clustering (heatmap), and
MDS plots, confirming that selected probes were able to
distinguish the IDD21 cases from controls (Supplemental
Figure 2A and B). In addition, all training cases obtained
an MVP score close to 1, confirming the similarity of the
detected methylation pattern to the IDD21 episignature.
MYVP scores were close to O for all testing samples from the
other NDDs, indicating the full specificity of the classifier
(Supplemental Figure 2C).

Validation of IDD21 episignature

We then used the 3 remaining samples with pathogenic or
likely pathogenic variants (cases 4, 9, and 10) to validate the
IDD21 episignature. All 3 testing samples were clustered
alongside the cases in heatmap and MDS plot (Figure 1A
and B). Furthermore, an MVP score >0.5 was observed for
all 3 validation samples, confirming the similarity of the
detected methylation patterns to the IDD21 episignature
(Figure 1C). These 3 samples with a confirmed episignature
were then added to training cohort for further analyses.

Assessment of VUS samples

We used the 6 VUS samples as testing set and assessed them
using supervised and unsupervised methods. This analysis
indicated that 2 VUS samples (cases 11 and 12) mapped to
the episignature, and clustered with IDD21cases in both
heatmap and MDS plots (Figure 2A and B). However, 4
other VUS samples did not match to the episignature and
clustered alongside the controls. This analysis confirmed
that the IDD21 episignature can be used to re-classify VUS
samples. Two positive VUS samples were then added to
training set to construct the classifier.

Final classification

All the samples with a confirmed episignature (n = 12) were
used to train the model and to construct the classifier. The
methylation B-values were compared with controls matched
for age, sex, and array type, with a case to control ratio of
1:5. In total, 226 differentially methylated CpG probes were
selected for the IDD21 discovery episignature with mean
methylation differences of 12% to 38% (Supplemental
Table 2). Hierarchical clustering (heatmap) confirmed that
the selected probes were able to distinguish the IDD21 cases
from the matched controls (Figure 3A). In addition, a clear
separation was observed between cases and controls using
MDS plot (Figure 3B), demonstrating the robustness of the
episignature. The SVM model was constructed using the
226 selected DMPs to differentiate IDD21 samples from
controls. The SVM classifier was trained using 12 cases and
60 matched controls along with 75% of other controls and
75% of cases from 56 other NDDs from the EKD. The
remaining 25% of controls and 25% of other disorders from
the EKD were used as testing set. This model demonstrated
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Figure 1

Validation of IDD21 (CTCF gene) episignature. A. Euclidean hierarchical clustering (heatmap): each column presents a single

IDD21 case or control, and each row represents one of 237 probes selected for episignature discovery. A clear separation was observed
between cases (red) and controls (blue). Three samples were used as validation set (orange), all of them were clustered with IDD21 cases.
B. Multidimensional scaling (MDS) plot presents the differentiation between cases (red) and controls (blue). Three samples were used as
validation set (orange), all of them were clustered with IDD21 cases. C. Support vector machine (SVM) classifier: the model was trained by
comparing the cases with 75% of controls and 75% of the other 56 neurodevelopmental disorders (blue circles). The remaining 25% of
controls and 25% of the other 56 neurodevelopmental disorders were used for testing (gray circles). Three validation samples provided MVP

scores >0.5, confirming their similarity to IDD21 episignature.

that all testing samples from other NDDs show an MVP
score close to 0, confirming full specificity of the model
(Figure 3C). The reproducibility and sensitivity of epis-
ignature were further assessed using 12 rounds of leave-one-
out cross validation. The resulting heatmap and MDS plots
indicated that all tested cases were correctly clustered with
the training cases in each round of cross validation
(Supplemental Figure 3).

The IDD21 episignature can be used to classify unre-
solved samples

We applied the IDD21 episignature to the EKD which in-
cludes thousands of genome-wide DNA methylation pro-
files from individuals with known episignature syndromes,
as well as thousands of previously assessed, unresolved
individuals with suspected genetic conditions. We identified
2 samples with high MVP scores in the SVM classifier that
were previously unresolved clinical cases (Unresolved col-
umn in Figure 3C). Heatmap and MDS plots also demon-
strated that these samples were clustered with IDD21 cases
(Supplemental Figure 4). For both cases, the clinical pro-
viders confirmed the presence of clinical features matching
IDD21. A likely pathogenic CTCF variant, c.1033C>T
p-(His345Tyr), was identified in 1 case. CTCF sequencing

data were not available for the second case. No false-
positive cases were found among the analyzed samples.
These results further confirmed robustness and clinical
utility of this classifier and that IDD21 episignature can be
used for screening and identification of patients with IDD21
and simultaneously provide functional evidence for genetic
variant classification.

Functional mapping and correlative analysis of the
IDD21 episignature and 56 EpiSign v3 classifier
disorders

The IDD21 samples were compared with matched con-
trols from the EKD to explore DMPs. This analysis was
performed using controls unaffected by a neuro-
developmental condition or NDD subjects without a
known episignature. We compared the number of DMPs
for the IDD21 cohort with those previously reported for
56 other neurodevelopmental cohorts included in EpiSign
v3 classifier on the EKD (Figure 4). The list of disorders
and their abbreviations are presented in Supplemental
Table 3. The total number of 4558 DMPs were recog-
nized for IDD21 with the range of 279 to 151,848 DMPs
among other disorders from the EKD. The IDD21 cohort
had the highest percentage of overlap with HVDAS_C
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Figure 2

Assessment of VUS sample. A. Euclidean hierarchical clustering (heatmap): each column presents a single IDD21 case or

control, and each row represents 1 of 273 probes selected for episignature discovery. A clear separation was observed between cases (red) and
controls (blue). VUS samples were used as testing set (orange): 2 of VUS were clustered alongside the IDD21 cases. B. Multidimensional
scaling (MDS) plot presents the differentiation between cases (red) and controls (blue). The VUS samples were used as testing set (orange): 2
of VUS were clustered with IDD21 cases. C. Support vector machine (SVM) classifier: the model was trained by comparing the cases with
75% of controls and 75% of the other 56 neurodevelopmental disorders (blue circles). The remaining 25% of controls and 25% of the other

56 neurodevelopmental disorders were used for testing (gray circles).

(14%) and HVDAS_T (11%), respectively. Both afore-
mentioned episignatures are related to Helsmoortel-van
der Aa syndrome (HVDAS) caused by variants in the
activity-dependent neuroprotector homeobox (ADNP)
gene, where HVDAS_C is associated with variants in
central domains, whereas HVDAS_T encompass variants
within the terminal domain.

The mean of p-values differences was compared be-
tween the IDD21 cohort and 56 other NDDs (Figure 5).
The overall methylation trend confirmed the predominant
hypermethylation changes for IDD21 cohort. The relat-
edness of genome-wide methylation profiles in all co-
horts was assessed using clustering method. The top 500
DMPs from each cohort were used in this analysis. This
analysis confirmed that the IDD21 is closely clustered
with HVDAS_C (ADNP gene) episignature (Figure 6).

DMRs

In total, 21 DMRs were detected using the DMRcate al-
gorithm. This analysis confirmed that all identified DMRs
were hypermethylation events (Table 1). The locations of
DMRs were then annotated in relation to CGIs and genes.
This analysis revealed that the DMRs are mainly found in
CGIs (67%) and Inter_CGI (24%), respectively
(Figure 7A). In addition, the annotation analysis indicated

that the highest percentages of DMRs were in coding
sequence (47%) and promoter regions (33%), respectively
(Figure 7B). The GO enrichment analysis revealed 24
significant GO terms (P value < .01), which were mostly
related to FLOTI (MIM# 606998), ATF6B (MIM#
600984) and HEYL (MIM# 609034) genes (Supplemental
Table 4). Notch signaling, skeletal muscle tissue devel-
opment, and positive regulation of synaptic transmission
are the significant GO terms, which might be relevant to
IDD21 features.

Discussion

The aim of this study was to assess the evidence for a
possible DNA methylation episignature for individuals with
the CTCF-related condition, IDD21. For this purpose, we
assessed the DNA methylation profiles of 16 individuals
carrying different types and ACMG/AMP classes of CTCF
variants. We demonstrated that the aberrant methylation
changes represent a highly specific, reproducible, and sensi-
tive biomarker, supporting the molecular diagnosis of IDD21.
Considering the variable phenotypic presentation of the
syndrome, ' also exemplified by our clinically heterogeneous
cohort, establishing the diagnosis purely on the basis of
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Figure 3

Final classification of all cases with a confirmed IDD21 episignature. A. Euclidean hierarchical clustering (heatmap): each

column presents a single IDD21 case or control, and each row represents 1 of 226 probes selected for episignature discovery. A clear
separation was observed between cases (red) and controls (blue). Four VUS samples did not map to IDD21 episignature (orange).
B. Multidimensional scaling (MDS) plot presents the differentiation between cases (red) and controls (blue). Four VUS samples did not map
to IDD21 episignature (orange). C. Support vector machine (SVM) classifier: the model was trained by comparing the cases with 75% of
controls and 75% of the other 56 neurodevelopmental disorders (blue circles). The remaining 25% of controls and 25% of the other 56
neurodevelopmental disorders were used for testing (gray circles). The IDD21 samples provided MVP scores close to 1, indicating the high

specificity of the classifier.

clinical features can be challenging. Our results confirm that
the IDD21 episignature can be applied as an effective diag-
nostic tool. This was further illustrated by screening thou-
sands of profiles from unresolved cases with a suspected
genetic condition, leading to the identification of 2 novel
cases harboring likely pathogenic variants in CTCF. Subse-
quent follow-up with the clinical providers, including review
of exome sequencing data, confirmed a likely pathogenic
variant (c.1033C>T p.(His345Tyr)), in 1 of the cases.
CTCF (CCCTC-binding factor) is a highly conserved
protein involved in gene expression regulation and chro-
matin architecture. Because of distinct combinations of its
11 zinc-finger domains, enabling interactions with ~50,000
binding sites across the genome, it is implicated in a myriad
of genomic regulatory processes, including the formation of
chromatin domains,” genomic imprinting,” X chromo-
some inactivation,”’ and alternative splicing.”> The CTCF
binding sites are sensitive to DNA methylation, linking the
widespread occupancy of CTCF to specific methylation
patterns.”*** Indeed, perturbed DNA methylation has been
shown previously in patients with a CTCF microdeletion.’
Our discovery of a specific CTCF episignature is consis-
tent with these earlier observations. Additionally, 2 patients

(cases 6 and 7) carrying the identical CTCF variant
(c.1699C>T p.(Arg567Trp)) displayed the oncological
phenotypes. Case 7 has a secondary finding in PTPNII
(MIM# 176876) responsible for juvenile myelomonocytic
leukemia, and case 6 was diagnosed with rhabdomyosar-
coma. These findings further support the significant
involvement of CTCF in the development of various types
of cancer, as also previously shown by tissue-specific
methylation patterns at CTCF binding sites among
different tumor types.3 2,36

Equally important, we showed that the episignature can
be utilized to assess the pathogenicity of novel variants. The
patient cohort included 6 individuals with a VUS. The
methylation profiles of 2 subjects clearly mapped with the
episignature, demonstrating strong functional evidence,
thereby enabling reclassification of these variants to likely
pathogenic. Although the other 4 samples clustered with the
controls, interpretation of pathogenicity in these variants
requires further investigation. CTCF’s functions extend
beyond its sensitivity to DNA methylation patterns because
it also actively interacts with RNA and other proteins, eg,
cohesion.”’ Therefore, the episignature may not be sufficient
by itself to accurately classify the CTCF variants. For
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Table 1  List of differentially methylated regions (DMRs) for the IDD21 cohort. Computations were based on hg19 reference genome and
annotation

Chromosome Start End Number of CpGs Mean Methylation Difference Overlapping Genes
chr6 32,085,541 32,087,190 16 0.11 ATF6B
chré 30,698,584 30,699,481 11 0.17 FLOT1
chr12 56,074,329 56,075,511 7 0.10 METTL7B
chrl 2,063,799 2,064,765 6 0.13 PRKCZ
chr2 240,868,184 240,868,631 5 0.12 NDUFA10
chr19 44,039,475 44,040,457 5 0.13 ZNF575
chr18 74,535,233 74,536,226 7 0.11 ZNF236
chrl 40,105,079 40,105,706 6 0.11 HEYL
chr12 133,177,075 133,178,316 8 0.12 -
chr19 11,517,079 11,517,436 5 0.17 RGL3
chré 25,732,146 25,733,243 5 0.12 HIST1H2APS1, HIST1H2BPS1
chr2 98,928,364 98,928,898 5 0.10 VWA3B
chr19 17,877,419 17,877,846 6 0.11 FCHO1
chr13 113,689,139 113,689,955 5 0.10 MCF2L
chr19 1,795,638 1,796,985 5 0.11 ATP8B3
chr21 43,198,283 43,198,797 6 0.10 -
chr10 101,824,920 101,825,185 5 0.10 CPN1
chr8 43,131,260 43,132,451 6 0.13 RP11-726G23.10
chrs 23,506,738 23,507,656 6 0.11 PRDM9
chr17 20,799,408 20,799,532 5 0.10 RP11-344E13.3, (CDC144NL
chr10 134,043,362 134,043,897 6 0.10 STK32C
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Figure 7 Differentially methylated regions (DMRs) annotated in relation to CpG islands and gene. A. DMRs annotated in the context
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example, the p.(Arg278Leu) variant is located in the zinc
finger 1 domain, which displays distinct structural charac-
teristics compared with other domains. Although structural
data indicate a potential absence of DNA recognition/
binding function in this terminal zinc finger 1, computa-
tional modeling shows that this variant introduces a hy-
drophobic residue on the surface, likely significant for non-
DNA interactions.”® Consequently, the effect of this variant
may not be fully explained by methylation disturbances
alone, and other non-DNA interactions should be considered
to understand its overall impact. In addition, although the
central zinc-finger domains of CTCF serve as the DNA
binding sites, the N and C termini interact with protein
partners, facilitating loop extrusion and other functions.’”
Therefore, these specific regions might be related to
distinct DNA methylation profiles or influenced by other
non-methylation regulatory factors. This study observed a
limited number of variants within the N and C termini of
CTCF, suggesting further research to explore a broader
range of variants in the future. Besides these 4 VUS, we
identified a uniform methylation pattern among the 11
distinct CTCF variant types and positions (Supplemental
Figure 1).

Given the ubiquitous and versatile roles of CTCF, one
might expect to find overlap with other episignature disor-
ders. In our comparative analysis with other established
episignatures, we observed the highest overlap with patients
affected by HVDAS, a rare neurodevelopmental condition
caused by variants in the ADNP.*>*' Clinically, HVDAS
and IDD21 share multiple features, such as mild to severe
intellectual disability, autism, behavioral disturbances, hy-
potonia, feeding difficulties, and congenital cardiac de-
fects.'>*' This might imply that the 2 syndromes share a
molecular background, although it must be noted that partial
clinical overlap is seen with other genetic syndromes as well
(eg, Coffin-Siris, Kleefstra, and Smith-Magenis syndromes).
On a molecular level, ADNP (MIM# 611386) may regulate
gene expression directly as transcription factor or indirectly
by association with BRGI (MIM# 603254), CHD4 (MIM#
603277), and CTCF as genome 0rganizers.42’43 Tran-
scriptome analysis of CTCF-affected individuals showed a
moderate decrease of ADNP blood expression levels (log,
fold change: —0.79).'* These observations may reflect the
interaction between ADNP and CTCF, underlying the partial
overlap in episignatures across the 2 conditions, although
this needs to be validated in larger cohorts and on a func-
tional level. In future studies, it would also be interesting to
assess whether other genetic conditions related to CTCF
targets show an overlapping methylation profile, which
might provide clues toward molecular etiologies.

Finally, we noted that the all DMRs were hyper-
methylation events, which is in line with gene expression
profiles of predominantly downregulated genes in CTCF-
affected individuals.'* Further analysis indicated that the
DMRs encompass several genes related to NDDs and DNA

methylation mechanisms. For example, the DMR found on
chromosome 1 involves the PRKCZ (MIM# 176982), which
has been identified as 1 of the genes associated with chro-
mosome 1p36 deletion syndrome.”* This syndrome is a
chromosome disorder causes severe intellectual disability,
poor growth with microcephaly, dysmorphic facial features,
and axial hypotonia.”” The PRKCZ hypermethylation also
plays a critical role in CTCF deletion syndrome.” Konrad
et al'* reported a modest increase in PRKCZ expression
(log2 fold change: 0.56) in the blood transcriptomic analysis
of CTCF patients. However, it is anticipated that the inter-
play and role of PRKCZ in the IDD21 occurs at the brain
level, warranting further investigation in the brain-specific
contexts. The DMR identified on chromosome 6 coincided
with the FLOTI (MIM# 606998), which is involved in the
formation of glutamatergic synapses in hippocampal neurons
and has been linked to neurodegenerative disorders.*>*’ The
DMR located on chromosome 2 involves VWA3B (MIM#
614884), which cause cerebellar ataxia with intellectual
disability.”® In addition, the HEYL (MIM# 609034) was
found on DMR of chromosome 1, which is suggested to
promote neuronal differentiation of neural progenitor cells."’
Additionally, Konrad et al'* reported altered gene expression
levels for ZNF236 (MIM# 604760) (log2 fold
change: —1.02), ZNF575 (HGNC# 27606) (log2 fold
change: 0.89), and RGL3 (MIM# 616743) (log2 fold
change: —1.29), which were among those genes identified as
part of the DMRs in this study. Furthermore, the DMR
overlapping with ATPS8B3 (MIM# 605866) (chrl9:
1,795,638-1,796,985) exhibited significant CTCF peaks, as
revealed by the ChIP-seq data retrieved from the Encyclo-
pedia of DNA FElements (ENCODE) database
(ENCFF067QSR) (Supplemental Figure 5). Although these
data suggest some overlaps between functional genomic
profiles of CTCF and the DMRs highlighted in this study,
future in-depth and functional evaluation of these genes is
essential to provide deeper insights on CTCF-related disease
mechanism through its activating role on target genes and
downstream pathways.

Conclusion

The development of a robust and specific CTCF/IDD21
epigenetic signature adds a novel member to the growing list
of NDDs with distinct DNA methylation profiles, which can
be applied in screening and diagnosis, as well as in the
classification of novel ambiguous variants. Besides opti-
mizing diagnostic capabilities, our results illustrate that
episignatures might also be leveraged to simultaneously
provide further insight into pathophysiological mechanisms
by comparison with other episignatures and through
exploration of affected methylated regions. Further func-
tional analyses are necessary to increase our understanding
of the underlying molecular etiologies, potentially leading to
the identification of therapeutic targets.
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Data Availability

Data sets used in this study that are available publicly are
previously described.'” Anonymized data for each subject
are described in the study. The individual genomic and
epigenomic or any other personally identifiable data for
other samples in the EpiSign Knowledge Database are
prohibited from deposition in publicly accessible data-
bases because of institutional and ethics restrictions.
Specifically, these include data and samples submitted
from external institutions to London Health Sciences
EpiSign Knowledge Database that are subject to Institu-
tional Material and Data Transfer agreements, data sub-
mitted to London Health Sciences for episignature
assessment under Research Services Agreements, and
research study cohorts under Institutional Research Ethics
Approval (Western University REB 106302; and REB
116108). Some of the software packages used in this
study are publicly available as described in the Materials
and Methods. EpiSign is a commercial software and is not
publicly available.
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