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ABSTRACT

PURPOSE: Gabriele-de Vries syndrome (GADEVS) is a rare genetic disorder characterized by
developmental delay, and/or intellectual disability, hypotonia, feeding difficulties and
distinct facial features. In order to refine the phenotype and to better understand the
molecular basis of the syndrome, we analyzed the clinical data and performed genome-wide
DNA methylation analysis of a series of individuals carrying an YY1 variant.

METHODS: Clinical data were collected for 13 individuals not yet reported through an
international call for collaboration. DNA was collected for 11 of these individuals and 2
individuals previously reported in an attempt to delineate a specific DNA methylation
signature in GADEVS.

RESULTS: Phenotype in most individuals overlapped with the previously described features.
We also describe one individual with atypical phenotype, heterozygous for a missense
variant in a domain usually not involved in individuals with YY1 pathogenic missense
variations. We described a specific peripheral blood DNA methylation profile associated with
YY1 variants.

CONCLUSION: We report a distinct DNA methylation episignature in GADEVS. We expand the
clinical profile of GADEVS to include thin/sparse hair and cryptorchidism. We highlight the
utility of DNA methylation episignature analysis for classification of variants of unknown

clinical significance.

KEYWORDS: Gabriele-de Vries syndrome, YY1, epigenetics, episignature, DNA methylation,

intellectual disability, feeding disorders



INTRODUCTION

Alteration of proteins involved in chromatin regulation is a well-established cause of many
neurodevelopmental disorders. Among these conditions, Gabriele-de Vries syndrome
(GADEVS, MIM 617557) is a rare congenital disorder characterized by variable intellectual
disability (ID), various neurological disorders (hypotonia, abnormal movements, behavioral
disorders, brain abnormalities), feeding difficulties, ophthalmological abnormalities,
significant but not specific facial features, and more rarely cardiac or renal malformations'=.
GADEVS is mainly caused by pathogenic missense variants in Yin Yang 1 Transcription Factor
gene (YY1, MIM 600013) and less frequently by truncating variants or whole gene deletions,
suggesting haploinsufficiency as the underlying mechanism?.

YY1 encodes the Yin Yang 1 Transcription factor, which is a ubiquitously expressed
transcription factor in mammals. Its name comes from its ability to be both an activator and
a repressor of transcription®. YY1 is characterized by four highly conserved C2H2 Zinc fingers
located in its C-terminal domain. The N-terminal region corresponds to the transcriptional
activation domain. A transcriptional repression domain, including the REPO domain allowing
the recruitment of the polycomb complex, is located between N-terminal region and Zinc
fingers domain’=.

It has been demonstrated that genetic disorders involving genes related to chromatin
regulatory functions exhibit specific DNA methylation signature, referred to as an
episignature!®?2, DNA methylation episignature analysis has recently been implemented as
the diagnostic clinical genomic DNA methylation test EpiSign, in patients with rare disorders,
providing strong evidence for clinical utility including the ability to provide conclusive
diagnostic findings in the majority of subjects tested'2. In this study, we describe the clinical

phenotype of 13 previously unpublished individuals heterozygous for a pathogenic or likely



pathogenic variant or a complete deletion of YY1, as well as a specific epigenetic signature
associated with GADEVS.

MATERIALS AND METHODS

SUBJECTS AND SERIES

We contacted clinicians about 19 individuals heterozygous for a pathogenic or likely
pathogenic variant or a deletion of YY1 through clinical networks (Groupe DI France, AnDDI-
RARES (http://anddi-rares.org/), ERN ITACHA (https://ern-ithaca.eu/) and GeneMatcher
(http://www.genematcher.org)'®. We collected clinical and molecular data, DNA samples,
brain MRI and neuropsychological assessment data of individuals from this series, when
available. Referring physicians provided the data by filling in a standardized table.

This study was approved by the Institutional Review Board of Montpellier University Hospital
(IRBMTP_2020 05 202000459, ClinicalTrial.gov identifier: NCT04381715) and the Western
University Research Ethics Board (REB 106302). We obtained informed written consent from
all individuals or their legal guardians to participate in the study and to publish their
photographs. All samples and records were de-identified. The research was conducted in
accordance with the Declaration of Helsinki.

MOLECULAR STUDIES

Diagnostic laboratories performed genetic tests on DNA from blood samples using next-
generation sequencing or chromosomal microarrays. The pathogenicity of point variants was
verified according to American College of Medical Genetics and Genomics (ACMG) and
Association for molecular pathology (AMP) classification criterial®, using the varsome
interface (https://varsome.com/)!®. The visualization of the variants on the protein sequence
was performed with the ProteinPaint tool (https://proteinpaint.stjude.org/), using the

canonical isoform NM_003403.



STATISTICAL ANALYSIS

To describe the continuous variables (SD of growth parameters, age of milestones
acquisition), we calculated medians, minimums, maximums and interquartile ranges in order
to construct corresponding boxplots. We also included data from the literature in these
graphs.

METHYLATION ARRAY AND QUALITY CONTROL

DNA methylation analysis and episignature classifier development was performed using a
previously established protocol*'*%1718 Genomic DNA was extracted from peripheral blood
samples using standard techniques and followed by bisulfite conversion and hybridization to
the Illumina infinium methylation EPIC bead chip arrays, according to manufacturer’s
protocol. Idat files, containing methylated and unmethylated signal intensity plots (beta
values) were produced from these microarrays, and used for analysis in R 4.0.2.
Normalization was performed using the Illumina Infinium methylation EPIC array with
background correction from the minfi package'®. Previously defined exclusion criterial®'’
were used to exclude probes with detection p values >0.01, probes on the X and Y
chromosomes, probes known to contain SNPs at the site of CpG interrogation or single
nucleotide extension, and probes known to cross react with chromosomal locations other
than their target regions. All samples were examined for genome-wide methylation
distribution and those deviating from a bimodal distribution were excluded. Factor analysis
using a principal component analysis (PCA) was performed to examine batch effect and
identify outliers.

DNA METHYLATION PROFILING

Probe methylation levels (beta values), were calculated as the ratio of signal intensity in

methylated probes versus total sum of unmethylated and methylated probes, resulting in



values ranging from zero to one. To allow for linear regression modeling, beta values were
logit transformed using the limma package?®, allowing for the identification of differentially
methylated probes. Data were adjusted for the blood cell type composition as per
Houseman et al?l. Estimated blood cell proportion was added to the model matrix of the
linear models as a confounding variable??. Using the eBayes function in the limma package?,
p values were moderated and corrected for multiple testing using the Benjamini Hochberg
method. Probes with the most significant methylation differences were selected using two
items from this dataset: the level of methylation difference (relative methylation signal
intensity), and the probability that an observed difference is due to random chance (p
values). Evaluation of this interaction was carried out by multiplying the absolute
methylation difference between affected cases and controls by the negative value of the log
transformed p values, and ranking the top 1000 probes with the highest values from this
transformation. Next, receiver operating characteristic analysis (ROC) was performed on
each probe, to measure the pairwise correlation coefficient between probes. Probes with
low area under curve values from ROC analysis were removed, as well as highly correlated
probes, eliminating probes with low sensitivity and specificity, and probes with highly
correlated characteristics using Pearson’s correlation coefficient. This ensures that the final
probeset contains the most differentiating, non-redundant probes that are not influenced by
random data structures. Only probes with a methylation difference greater than 5% were
included in this analysis. This probe filtering process was designed to avoid reporting of
probes with low effect size, and those influenced by technical or random variations as
conducted in previous studies®12,

SELECTION OF MATCHED CONTROLS FOR METHYLATION PROFILING



For episignature characterization, mapping of probes and feature selection, matched
controls were randomly selected from the LHSC EpiSign Knowledge Database (EKD)2. All of
the samples were assayed, therefore all the controls selected for episignature identification
were analyzed using the same array type. Samples were matched by age, sex and batch
using the Matchlt package. A 4:1 ratio of controls to cases was deemed optimal for this
analysis, as previously described!'. PCA analysis was performed after each attempt at
matching to detect outliers and determine data structures for the presence of batch effect.
Outlier samples, and those with highly aberrant data structures were removed, and
subsequent matching trials were performed until consistent iterations with no outliers in the
first two components of the PCA were derived. No such samples were identified for removal
in this cohort.

CLUSTERING AND DIMENSION REDUCTION

Hierarchical clustering and multidimensional scaling were used after each iteration of
analysis to examine the data structure of the identified episignature. Hierarchical clustering
was performed using Ward’s method on Euclidean distance by the ggplot package?*%>. Multi-
dimensional scaling provides a visual representation of sample methylation profile similarity
based on the scaling of the pairwise Euclidean distances between each sample.
DISCOVERY/TRAINING COHORT SELECTION

Identification of disease-specific episignatures was performed using a randomly selected
sub-set of the database, on a 75:25 ratio of discovery:training, using the caTools package in
R. Testing samples were used to assess the performance of the classification model
developed later in the study. For every disease group in the discovery cohort, a sex and age-

matched control group with a sample size at least four times larger was selected from the



reference control group using the MatchlT package, and methylation profiles were
compared between the two.

CROSS VALIDATION

For each round of validation, one of the 13 selected samples was removed from probe
selection, alongside matched controls. The remaining samples were designated as testing
samples, and all three groups were modeled using multidimensional scaling to determine
how they cluster/segregate with one another. This process was repeated with different
combinations of assigned training and testing samples until all cases had been removed from
probe selection and used for testing once (see Figure S2).

CLASSIFICATION MODEL

Specificity of the episignature was assessed using the Methylation Variant Pathogenicity
(MVP) score, using all the identified probes. A support vector machine (SVM) used a linear
kernel for training on GADEVS cases and controls. Once again, a 4:1 ratio of controls to cases
was used to divide both the case and control samples previously matched and used for
probe selection into training and testing cohorts for the SVM. Furthermore, the remaining
unselected samples from the EKD were also divided similarly (75% training, 25% testing) to
allow for comparison and testing of signature robustness against all of the samples in the
EKD. Using the e1071 R package, we performed 10-fold cross validation to determine
hyperparameters optimal for episignature classification. In this process, the training set was
divided into ten folds by random assignment, where the first nine are used for training, and
the last used for testing the accuracy of the model. The mean accuracy over all rounds was
then calculated, and hyperparameters with the best performance by this metric were
selected. The model provides a score ranging from 0-1 for each subject, representing the

model’s confidence in predicting whether the subject has a DNA methylation profile similar
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to the GADEVS probe set or not. Conversion of these SVM decision values was done using
Platt’s scaling method?®, and the class obtaining the greatest score determined the predicted
phenotype. A classification as GADEVS was made when a sample received the greatest score
for that class (normally greater than 0.5). Finally, the model was applied to both a training
set of a large cohort of individuals with clinical and molecular diagnoses of
neurodevelopmental disorders, as well as a group of healthy controls to determine its
effective specificity.

VALIDATION OF CLASSIFICATION

To ensure the model is not susceptible to the batch structure of the methylation experiment,
the classifier was applied to samples assayed on the same batch as the cases used for
training. Using methylation data from individuals without a confirmed diagnosis of GADEVS
within the EKD and assayed on the same microarray chip as case samples, methylation
profiles were modeled to ensure the classifier was not confounded by technical artifacts
unique to the given microarray. Specificity was determined by supplying a large number of
DNA methylation arrays from unaffected subjects to the model. To further assess the
specificity of the GADEVS classifier relative to other neurodevelopmental disorders, we
applied it to cases with other patient cohorts exhibiting distinct episignatures within the
EKD.

RESULTS

CONSTITUTION OF THE SERIES

We contacted the referring clinicians of 19 individuals heterozygous for a pathogenic or
likely pathogenic variant in YY1. We excluded three individuals either because they refused

to participate in the study or because neither clinical data nor a DNA sample was available.
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Another individual was excluded because the YY1 variant was inherited from a healthy
parent. We therefore included 15 individuals in this study. For details see Table S1.

Among these 15 individuals, 13 were not previously reported; these 13 individuals were
labeled YY1-1 to YY1-13 and constituted the clinical series that allowed us to refine the
phenotypic data related to YY1 pathogenic variants. The two remaining individuals,
“individual 5” and “individual 8,” were initially reported by Gabriele et al, 2017%. Regarding
the episignature series, we used DNA samples from 11 individuals of the clinical series
(samples from individuals YY1-8 and YY1-9 were not available) along with DNA samples from
“individual 5” and “individual 8.” The episignature series is detailed in Table S2.

CLINICAL SPECTRUM ASSOCIATED WITH YY1 PATHOGENIC VARIANTS

Clinical data were collected for the 13 individuals (YY1-1 to YY1-13) not previously reported.
Detailed clinical data are available in the Table S3.

Among this series, 12 individuals had a phenotype overlapping with that previously
described in the literature. Unfortunately, individual YY1-6 (father of individual YY1-7) died
accidentally before being clinically assessed. The only data concerning individual YY1-6 is the
presence of ID. Because a clearly unusual phenotype and genotype, individual YY1-10 could
not be considered to have GADEVS.We therefore chose to describe him separately.

Table 1 summarize the clinical data from this series and the literature.

The 12 individuals with phenotype overlapping with the literature presented with variable ID
and/or developmental delay. All these individuals presented with craniofacial features
among which the most frequent were long face, broad forehead, simple ears, malar
hypoplasia and full nasal tip. They also frequently had thin and/or sparse hair. (figure 1A).
We also observed various neurological disorders such as hypotonia, behavioral disorders

(ASD, low frustration tolerance, anxiety, self-harm, ADHD), and abnormal movement
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(dystonia). Feeding disorders were present in 10/10 individuals. Frequent additional features
include skeletal abnormalities, ophthalmologic abnormalities, and cryptorchidism.

Overall distribution (including data from literature) of ages of growth parameters and
milestones achievement is represented in figure 1 (respectively B and C).

Individual YY1-10 was considered to have an unusual YY1 phenotype because of overgrowth
and obesity (BMI=41kg/m?), slight macrocephaly (HC at 53cm [+2.3SD]) and moderate
craniofacial features (See figure 1A).

Full clinical features of individual YY1-10 is detailed in Table S3.

YY1 VARIANTS SPECTRUM

We collected molecular data from 13 unpublished individuals including a father-son pair
(individuals YY1-6 and YY1-7). Except for this pair, all variants were de novo. The variants of
the series and from the literature are represented on the YY1 protein sequence in Figure S1.
Among these 13 individuals, 12 carried a pathogenic or likely pathogenic sequencing variant
(10 were missense and two were truncating variants). All missense variants were located in
Zinc finger domain except for individuals YY1-10. The variant p.(Gly176Asp) from individual
YY1-10 was located in the transcriptional repression domain. Missense variants located in
this domain has never been previously described in the literature to our knowledge. The last
individual YY1-3 had a microdeletion encompassing YY1, WARS1 and the 3' end of EML1.
DETECTION AND VERIFICATION OF AN EPISIGNATURE FOR YY1/GADEVS

DNA methylation profiles from 13 individuals peripheral blood samples, which all had
confirmed molecular variants in the YY1 gene, were used to establish a DNA methylation
episignature for this disorder. Overall methylation patterns in all 13 patients were assessed
for several key features, including sample quality, and similarity of the sample methylation

profiles to case samples versus controls. Of these, one sample, YY1-10 segregated
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consistently with controls, exhibiting methylation patterns more similar to age and sex
matched control samples than the rest of the disorder cohort, and was removed from probe
selection. Comparisons were carried out, matching GADEVS samples with age, sex and
batch-matched controls at a ratio of 4:1 (4 matched controls for each case sample). When
compared to controls, significant differences in methylation patterns across 487 probes,
which are visualized using a volcano plot (Figure S2) were detected. Selected probes had a
minimum methylation difference of 10%, and a multiple testing corrected p value of <0.01
(limma multivariable regression modeling).

VISUALIZATION OF METHYLATION PROFILES INDICATES DISTINCT CLUSTERING PATTERNS OF
YY1 CASES

Hierarchical clustering was used to visualize methylation differences based on the selected
probes, and was plotted using Ward’s method alongside 56 age and sex-matched control
samples (see figure 2A). This model demonstrated a clear separation of the control and case
samples, with the exception of the YY1-10 sample. This sample grouped with control
samples in all iterations of the model, indicating that the associated variant in this sample
results in a methylation profile more similar to control samples than the other cases with
confirmed YY1 variants. The location and characteristics of the variant are atypical : this is a
missense variant within the transcriptional repression domain of YY1, and reported
presentation of overgrowth characteristics. Multiple dimensional scaling (MDS) showed
similar findings, with cases grouping tightly together away from the control cohorts (see
figure 2B). Cross validation using GADEVS samples was performed, showing in the majority
of cases that the remaining testing samples clustered with the other GADEVS samples, and
segregated from the controls (see figure 2D). In three cases, samples YY1-6, YY1-7 and YY1-

11, cross validation showed less specific clustering along with lowered MVP scores,
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suggesting a level of signal heterogeneity and further data structure within the observed
common episignature. However, all samples consistently segregated with the case cohort in
hierarchical clustering and multidimensional scaling plots, and received high MVP scores
when provided to the finalized SVM classifier (see Figure 2C and Figure S2).

MVP SCORE DEMONSTRATES SENSITIVITY AND SPECIFICITY OF GADEVS EPISIGNATURE
Samples were provided to a support vector machine binary classifier with a linear kernel to
assess the sensitivity and specificity, and the ability of the selected probe set to classify
samples. For each sample, the classifier provides a methylation variant pathogenicity (MVP)
score between 0 and 1. When plotted against control samples, all GADEVS samples received
high scores (>0.8) close to 1, while the control scores remained near 0, indicating the
classifier has a high sensitivity for the detection of the GADEVS episignature (see Figure 2C).
Furthermore, specificity of the classifier was tested by providing it with a large number of
subjects with a confirmed diagnosis of a neurodevelopmental disorder of various types with
existing episignatures within the EKD. 75% of both case and control samples from other
syndromes in the EKD were used for training, with the additional 25% reserved for testing.
Case samples scored >0.8, while the remaining non-GADEVS cases scored very low, with no
case exceeding a score of 0.5 to be classified as a GADEVS sample, indicating a very high
level of specificity for the selected probe set.

DISCUSSION

We describe the phenotype of 12 new individuals heterozygous for a pathogenic or likely
pathogenic variant in YY1, proposed to lead to YY1 loss-of-function as reported by Gabriele
et al, 2017, In addition, missense variants in the zinc finger domains and truncating variants
both lead to an overall decrease in the occupancy of YY1 on the genome and a loss of H3K27

acetylation at the active enhancers linked by YY1, and consequently to a differential
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expression of target genes!. It was therefore postulated that YY1 could have an impact on
DNA methylation especially since YY1 has been demonstrated to have the ability to recruit
the Polycomb complex?”?8 known to be involved in the control of DNA methylation?®.

We observed a similar phenotype in our series to that described in the literature, such as
variable ID and developmental delay, behavioral and abnormal movement disorders, skeletal
abnormalities, and ophthalmological abnormalities, associated with craniofacial features and
feeding difficulties with a consequent low BMI in individuals with the classical variants.

We also observed some differences including additional clinical features not previously
described in the literature. These included thin and/or sparse hair (6/10). Looking at pictures
from the literature it seems that collectively, 15/22 (68%) of YY1 individuals had this clinical
feature.

In addition, congenital malformations and cardiac malformations seem less frequent in this
series. We also observed cryptorchidism in 3/7 males, whereas this feature has been
described only once in the literature. However, YY1-related disorders are very rare, and it is
difficult to make conclusions on such a small number of individuals. Indeed, despite an
international call for recruitment we could only identify 13 new individuals with YY1
pathogenic or likely pathogenic variants according to ACMG/AMP classification criteria. This
condition is probably still underdiagnosed since the involvement of YY1 in
neurodevelopmental disorders only became recognized in 2017.

As the severity of ID seems to be variable in GADEVS, we wanted to study the neurocognitive
profile of individuals carrying a YY1 variant in order to highlight a possible specific pattern.
However, data from neuropsychological assessments were largely insufficient, because the
data were incomplete or uninterpretable. Additional studies should be performed to this

point.
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In addition to the clinical features, here we demonstrate the first evidence of a peripheral
blood DNA methylation episignature, as a common molecular phenotype in patients
presenting with classical features of GADEVS. All samples provided evidence of a common
methylation profile for GADEVs, with of limited signal heterogeneity within the cross-
validation model for 3 samples (YY1-6, YY1-7, and YY1-11) which received more moderate
scores compared to the rest of the cohort. These findings, alongside the atypical sample
(YY1-10) indicate the possibility of additional data structure, or sub-signatures, associated
with variants in the YY1 sequence, similar to what is observed in some other genetic
conditions'”'8. Further research with larger sample size will be necessary to study this
hypothesis.

Individual YY1-3 carrying a deletion encompassing YY1 plus two other genes (WARS1I [MIM
191050] and EML1 [MIM 602033]) has a similar epigenetic signature to that observed in
individuals with pathogenic missense variants, suggesting that his phenotype can be at least
partially attributed to YY1 haploinsufficiency. In addition to dystonia previously described by
Gabriele et al, 2017, Carminho-Rodrigues et al, 20203 and Zorzi et al, 2021%, individual YY1-3
also has severe spasticity, as well as short stature (-3.9 SD). One of the other two genes,
WARS1, could explain the additional neurological feature as this gene is associated with a
dominant distal motor neuropathy phenotype3°-32,

Regarding individual with atypical localization of missense variant (individual YY1-10 with
p.(Gly176Asp), located in in the transcriptional repression domain), we observed some major
differences in phenotype than GADEVS, i.e. overgrowth, obesity and macrocephaly.
Moreover, his DNA methylation profile is not specific and does not fit with the GADEVS
episignature. The p.(Glyl76Asp) variant was initially considered as likely pathogenic

according to the ACMG/AMP classification criteria (de novo variant absent from gnomAD
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exomes and genomes) but the result of the DNA methylation analysis has allowed us to
reclassify this variant to unknown significance related to GADEVS. However, whether this
variant is likely benign is not certain, given the possibility of yet to be defined alternate
episignatures or lack thereof. The utility of EpiSign analysis in the reclassification of variants
of uncertain clinical significance has been recently demonstrated in the clinical setting in a
large number of Mendelian disorders with established episignatures®3. Several studies have
been published from our lab thus far involving additional substratification of episignatures
1718 further highlighting the importance of methylation profiling in elucidating complex
presentations of phenotype that remain unexplained by genetic diagnosis alone.

Considering the phenotype of overgrowth in individual YY1-10, the pathophysiological
mechanism could be the selective alteration of the transcriptional repression function.
However functional analysis or additional individuals with the same p.(Gly176Asp) YY1
variant should be necessary to definitively ruled out or to confirm this variant to be
responsible for a novel YY1-related disorder.

In conclusion, we describe 12 novel individuals with Gabriele-de Vries syndrome. We
identified novel features (i.e., thin and/or sparse hair and cryptorchidism in males). We also
describe for the first time a highly sensitive and specific DNA methylation episignature for
GADEVS and demonstrate the utility of EpiSign in the clinical assessment of variants of
uncertain clinical significance. Additional research is necessary to support the expanded

clinical spectrum and genotype-phenotype correlations in GADEVS.
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DATA AVAILABILITY

The summarized, anonymized data for each subject are described in the study. The raw
anonymized DNA methylation data are available from the authors upon request. Software
used in this study is publicly available (https://topepo.github.io/caret/,
https://bioconductor.org/packages/release/bioc/html/limma.html
https://bioconductor.org/packages/release/bioc/html/minfi.html,
https://ggplot2.tidyverse.org/,
https://www.rdocumentation.org/packages/Matchlt/versions/4.3.2,
https://cran.r-project.org/web/packages/caTools/index.html,
https://cran.r-project.org/web/packages/e1071/index.html) and  detailed analytical
methodology is as previously reported?®.
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FIGURE AND TABLE LEGENDS

Figure 1: Representation of some clinical features related to YY1. A: Front and lateral view of
individuals from this series. Common facial features are long face, broad forehead, simple
ears, malar hypoplasia, full nasal tip and sparse hair. B: Boxplots showing distribution of ages
at sitting alone, walking alone and first words in standard deviation. C: Boxplots showing
distribution of height, head circumference (HC) and BMI, in standard deviation.

Figure 2: GADEVS has a specific DNA methylation episignature. A. DNA methylation signal
intensity plot for 13 patients with identified YY1 variants sorted by hierarchical clustering.
Cases in red represent GADEVS cases, those in blue indicate cases with no phenotypic or
genotypic presentation of GADEVS, including samples with confirmed presentation of other
syndromes, and the final case in orange, refers to sample YY1-10, which was removed from
probe selection following segregation with control samples.
B. Multidimensional scaling plot representing the dimensions of variation in methylation
signal intensity at informative CpG identified for GADEVS. Represents similarity of
methylation profiles of GADEVS patients, marked in red.

C. SVM classifier model for GADEVS. Each sample receives scores for the probability of
having a DNA methylation profile similar to cases as compared to samples with a confirmed
Episignature in the EKD. Higher value on Y-axis indicates that a sample presents a
methylation profile more similar to cases compared to the methylation profiles of patients
with other disorders. Thirty-six other syndromes with confirmed Episignatures from the EKD
are plotted based on this relative scale of similarity to indicate probeset specificity for the
case disorder.

D. Cross Validation summary representing the MVP scores received for each sample during

their respective testing round. Case samples are marked in red, while the remaining samples
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from the EKD are marked in black. Left side plot contains MVP scores for the EKD samples
following training the SVM against controls, while the right contains MCP scores for EKD

samples following training the SVM against all samples within the EKD.

Table 1: Summary of clinical features of individuals carrying a pathogenic variant of YY1 (this
series and the literature!™). Individual YY1-6 is not included in this table due to lack of
clinical data. Individual YY1-10 is described separately because of its atypical variant and
phenotype. +: feature present; -: feature absent; NR: not reported; NK: not known. a:
dystonia, dyskinesia; b: camptodactyly, joint hyperlaxity, scoliosis, plagiocephaly,
turricephaly; c: Hyperopia, superficial punctatae keratitis, nystagmus, strabismus (5/12),
astigmatism, myopia, cortical vision abnormalities. d: frequencies based on our own

interpretation of the pictures available in literature.
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Classical YY1 phenotype

Atypical

phenotype

Pres;:tlit)udy thil;alt:)re (;tha;) YY1-10
Growth
IUGR 1/9 4/13 5/22 (23%) -
Short stature 2/11 2/14 4/25 (16%) Overgrowth
BMI < -25D 4/10 3/10 7/20 (35%) Obesity
Microcephaly 2/10 1/12 3/22 (14%) Macrocephaly
Development
Motor delay 8/11 11/14 19/25 (76%) +
Language delay 10/11 10/12 20/23 (87%) +
ID 10/11 11/12 21/23 (91%) +
Neurological features
Hypotonia 5/11 5/13 10/24 (42%) +
Behavioral disorders 10/11 7/12 17/23 (74%) +
Abnormal movement 4/112 7/12 11/23 (48%) -
Abnormal brain MRI 4/8 8/13 12/21 (57%) +
Miscellaneous
Cardiac abnormalities 1/9 4/11 5/20 (25%) -
Cryptorchidism 3/7 1/5 4/12 (33%) -
Skeletal abnormalities 9/10b 8/13 17/23 (74%) -
Feeding disorders 10/10 12/13 22/23 (96%) -
Constipation 4/11 NR 4/11 (36%) -
Sparse hair 6/10 NR (9/12)d 15/22 (68%) -
Endocrine abnormalities 2/9 3/14 5/22 (16%) -
Recurrent infections 2/10 3/14 5/24 (21%) -
glf::':;':i‘;’it’sg'c 9/10° 7/13 16/23 (70%) +
Deafness 1/10 NR 1/10 (10%) -
Morphological features
Long face 8/11 NR (7/12)d 15/23 (65%) -
Facial asymmetry 3/10 9/14 12/24 (50%) -
Broad forehead 9/11 14/14 23/25 (92%) -
Ears abnormality 11/11 12/12 23/23 (100%) -
:sp:l::::i"g palpebral 4/10 1/11 5/21 (24%) -
zgxpjla"ﬁ"g palpebral 2/10 6/11 8/21 (38%) -
Full nasal tip 8/10 11/13 19/23 (83%) +
Malar hypoplasia 6/10 11/13 17/23 (74%) -
Smooth philtrum 3/9 NR (2/12)d 5/21 (24%) Deep
Thin upper lip 5/10 NR (1/12)d 6/22 (27%) Thick
Thick lower lip 2/10 5/13 7/21 (33%) +
Pointed chin 3/10 5/12 8/22 (36%) -
Micrognathia 3/10 NR (3/12)¢ 6/22 (27%) -





