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Weaver syndrome (WS), an overgrowth/intellectual disability syndrome (OGID), is
caused by pathogenic variants in the histone methyltransferase EZH2 , a core
component of the polycomb repressive complex-2 (PRC2). Using genome-wide DNA
methylation (DNAm) data for 187 individuals with OGID and 969 controls, we show that
pathogenic variants in EZH2 generate a highly specific and sensitive DNAm signature
reflecting the phenotype of WS. This signature can be used to distinguish loss-of-
function from gain-of-function missense variants , and to detect somatic mosaicism.
We also show that the signature can accurately classify sequence variants in EED
and SUZ12, encoding two other core components of PRC2, and predict the presence
of pathogenic variants in undiagnosed individuals with OGID. The discovery of a
functionally relevant signature with utility for diagnostic classification of sequence
variants in EZH2, EED and SUZ12 supports the emerging paradigm shift for
implementation of DNAm signatures into diagnostics and translational research.
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Dear Drs. Ratzel, Cullinan and Korf:

We thank you for accepting our manuscript “DNA methylation signature for EZH2 functionally

classifies sequence variants in three PRC2 complex genes”.

We have accepted all the changes, revised the affiliations and the acknowledgement and updated the data
availability statement. In addition, we have revised Figure 1 to include HGVS-recommended
nomenclature for protein change, updated reference 39 and updated the nomenclature and the font for the

figures.

Sincerely yours,
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Response to Reviewers

Response to Reviewer’s :

The response to the reviewer’s are presented in bold.

Reviewer #1: The Authors have addressed most of the issues raised in previous review and the
manuscript is much improved.

I still feel the potential confound of blood cell type composition changes is only indirectly
addressed (by computational methods) not by empirical validation; the Authors refer to previous
work, referencing that blood cell type is not altered in WEAVER syndrome, but their study
population is more broadly defined than Weaver.

Having said that, | understand it is simply not possible to properly study blood cell types in their
complete cohort, so | would recommended to add a paragraph to the discussion section to
briefly discuss potential limitations and confounds that might require follow-up in future work.

Author Response: We thank the reviewer for his comment, and we have added the
following to the discussion.

“In the development of DNAmM signatures, an important consideration is the issue of cell type
variation. As DNA methylation varies markedly among all cell types, including hematopoietic cells
(Reinius et al., 2012), it is important to account for inter-individual differences in cell types of whole
blood samples when analyzing DNAm data from this tissue (Jaffe and Irizarry, 2014). Here, we
estimated the cell proportions in the discovery cohort using the Houseman method and included
these estimates as covariates when identifying EZH2-specific signature. This method uses DNAmM
measured in purified blood cells from a small number of healthy adults to generate cell proportion
estimates in mixed cell populations, such as whole blood. We found no statistically significant
differences in blood cell type composition between the affected individuals and controls, which
aligned with reports of individuals with EZH2-related overgrowth having typical blood cell
composition (Genereviews reference Tatton-Brown). Future work measuring both complete blood
counts and DNAm in the same individuals with WS is needed to confirm the efficacy of the
Houseman method in this context.”

Reviewer #2:

Choufani and colleagues present a study in which they use DNA methylation patterns in
peripheral blood leukocytes as a way of reporting the effects of mutations in genes involved in
Polycomb silencing, EZH2, EED and SUZ12.

The rationale for this kind of approach has been presented previously by this and at least one
other group - the assumption that genes with 'epigenetic’ activities (modifying transcriptional
regulators), when mutant, will cause cells to change their transcriptional regulatory profiles,
which can be reported by DNA methylation as part of the cascade of resulting events.



Author action item:

* Please consider explaining the rationale for the study in terms like those used in the paragraph
above. Coining words like 'epigenes' adds confusion on top of the ambiguity inherent to the use
of words like 'epigenome' and 'epigenetic patterns of regulatory disruption’, although the
authors are credited for being more clear in the use of these terms than most.

The authors have convincingly demonstrated the power of this approach in prior studies of
lysine methyltransferase (KMT2D) and lysine demethylase (KMT6D) mutations in Kabuki
syndrome, and BAF-related mutations in Coffin-Siris and Nicolaides- Baraitser syndromes.

The authors now focus on genes encoding proteins in the Polycomb PRC2 complex, primarily
looking at EZH2 mutations that cause the overgrowth/intellectual disability Weaver syndrome,
which is inherited as an autosomal dominant disorder.

They collected well-characterised samples from both the phenotypic and the genetic
perspectives. Their DNA methylation analysis looks to be appropriate.

Response: We thank the reviewer for the very positive comments and hope that our responses
are acceptable. As suggested by the reviewer we have made some modifications to the rationale
of the study. The following information has now been added to the Introduction: "We and
others have recently found that disorders caused by pathogenic sequence variants in epigenes
(genes encoding proteins that demonstrate "epigenetic” functions) may cause cells to change
their typical DNA methylation and transcriptional profiles. Individuals with pathogenic variants in
some epigenes exhibit disorder-specific signatures comprised of genome-wide, multilocus DNA
methylation (DNAm) alterations. These signatures can be used to functionally classify sequence
variants, with high sensitivity and specificity and to improve our understanding of the
pathophysiology of the associated genetic disorder”.

Reviewer response: While omitting the word 'epigenes' altogether would be far preferable, the
edit is reasonable.

Author Response: Thank you!

Author action items:

A) While it seems appropriate to exclude the outlier sample from the PCA results, it would be
instructive for others who may look to this study for guidance to have some forensic analysis of
why the sample failed - poor quality or insufficient amount of DNA, a failed
conversion/labelling/hybridization, sample swap, something else?

Response: We would like to clarify that only one outlier sample was identified in one dataset
(GSE51245) of GEO control data. These data were downloaded to obtain additional control
cohorts to demonstrate the high specificity of the EZH2 signature. This is documented in Table
S7. The original IDAT files were not available for this specific dataset. Hence, we could only
examine the pre-processed signal intensities per CpG available for this dataset and the resulting
beta values. We observed an unusually large amount of very-high intensity CpGs in both
unmethylated and methylated signals for the outlier sample GSM1240970. The distribution of



beta-values for GSM1240970 also looked markedly different from the other samples and also
from the usual beta-value distributions obtained in such experiments. The low- and high-
methylation peaks were much less pronounced and a much larger amount of off-peak CpGs
were observed in the mid range of DNA methylation values. This likely resulted from flawed
signal intensity inputs into the computation of the beta values for GSM1240970. These
observations suggest that there were technical problems in the processing of this DNA sample
which resulted in its classification as an outlier on PCA, and we therefore n removed it from our
analysis. See the figure provided below. We have noted in Table S7 the exact accession number
for the failed "control sample".

Reviewer response: Please add this information to the Supplement to demonstrate why the
sample was omitted. It is useful guidance for others as well as giving insights into why your
exclusion of the sample was justifiable.

Author Response: This requested information has been added to the supplements as
Figure S5.

B) [line 196] '‘Genome-wide DNAm profiling on control and affected subjects matched for tissue
type,...' - wasn't there only one tissue type (blood) used?

Response: That is correct, the text was edited to reflect that only one tissue, blood, was used in
this study.

C) The analysis involved adjustment for cell subtype composition, using the 6 blood cell
subtypes reported by Houseman.

Author action item:

It's not clear why this was performed. The goal is to create a robust biomarker for the
phenotype, isn't it? So if blood cell subtypes were to shift in proportions and generate a DNA
methylation signal difference between the groups, that should only be helpful. Furthermore, if
EZH2 mutations cause, for example, fewer CD8 cells, isn't that kind of interesting? | strongly urge
the authors to review this aspect of the paper and (a) see if there is any evidence for cell subtype
proportion changes associated with the mutations studied and, if so, (b) test whether the model
works better by omitting the cell subtype proportion adjustment. | recognise that undertaking
(b) could be taken to mean that the entire analysis in the manuscript would need to be
repeated, which is unreasonable, so | suggest that if there is any evidence for improved
prediction by including cell subtype variation, the authors can just make note that this could be
an avenue for future improvement of the approach, it does not have to be included here.
Response: The blood cell proportions were estimated for the discovery set only using the
Houseman method to allow cell type estimates to be included as covariates when identifying
signature CpG sites. This approach is a common standard in DNA methylation analysis for blood
-derived DNA to ensure that the identified significant CpG sites reflects true differences in DNA
methylation between cases and controls that are not due to shifts in blood cell type proportions.



Given that we know that blood cell proportions are normal in individuals with Weaver syndrome,
we were particularly interested in the molecular rather than cellular changes in Weaver patients.
Our primary aim is to gain insights into the epigenetic mechanisms underlying this disorder. For
Weaver syndrome, we found no statistically significant differences in blood cell type
composition between the affected cases and controls (see our response to Reviewer 1's
questions above). The robustness of the DNA methylation signature is presented in the
validation cohort of Weaver patients with EZH2 mutations where no covariates were considered,
i.e. sex, age, blood cell type proportions, when classifying these samples and the signature
proved to be 100% sensitive and specific.

Our findings on the estimated cell type proportions in blood are in keeping with the current
state of knowledge about these individuals i.e. individuals with EZH2- related overgrowth exhibit
typical blood cell composition. (Genereviews reference Tatton-

Brown; https://urldefense.proofpoint.com/v2/url?u=https-

3A _www.ncbi.nlm.nih.gov _books NBK148820 &d=DwIGaQ&c=Sj8060TFwmuG2UOTEEDr-
2uZRzm2EPz39TfVBG2Km-
o&r=51EKmW1yHhYfqz75880EyTnwCHOWON1JwGd87xNaVZc&m=CQLSVTXTAIAIMggcLxnw3Q
XhO8d EiA8--WOV7gPpWM&s=618mR59DBg2XdAO2s1KXobHQJkilenJMpnWYrhgFvy4&e-= ;
and personal communications Chitayat, Gibson, Tatton-Brown).

Reviewer response: | think we're talking at cross-purposes to some extent. The main point |
wanted to make was that the test is defining a biomarker. As such, it doesn't matter whether the
change in DNA methylation is due to cell subtype changes or not. While the response to
Reviewer 1 shows that there are no such cell subtype proportion changes detectable, the point |
was trying to make was that if, for example, mutations of the polycomb genes systematically
cause a decrease in CD8+ T cells in peripheral blood, incorporating this into the model (rather
than excluding them analytically) would probably strengthen the performance of the biomarker.
What the authors describe "This approach is a common standard in DNA methylation analysis
for blood -derived DNA to ensure that the identified significant CpG sites reflects true
differences in DNA methylation between cases and controls that are not due to shifts in blood
cell type proportions" is only important when trying to gain mechanistic insights into cellular
reprogramming. That's a different goal from defining a robust biomarker.

There is nothing wrong with how the authors are responding to the point I've raised, it is just a
point to consider for the future, not to get confused about supposed confounding influences in
biomarker studies.

Author Response: Thank you!

D) The predictive model for EZH2 works very well, and was even able to identify, from a
partially-predictive score, a case of mosaicism for an EZH2 mutation. In addition, a case with a
de novo EZH?2 variant was included and found to score in a way that put it into the control
group, but was found to have changes of DNA methylation opposite to those of the other EZH2
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mutations. It raised interest because "it generated a DNAm profile opposite to that of the WS
cases and very different from control individuals". While the heatmap of Figure 5A is meant to
show us this opposite pattern, that's not really clear. By definition, the controls should have this
opposite pattern.

Author action item:

What needs to be illustrated somehow is that this case, across multiple loci, has a pattern that
has a DNA methylation change that is not only in the same direction as the controls, not the
other EZH2 cases, it exceeds the typical range for controls in that direction.

Response: This is a great suggestion. Figure S2 has been added to better illustrate the findings.
Reviewer response: Impressive figure. Glad the suggestion was useful.

Author Response: Thank you!

D) The biochemical testing to demonstrate the gain of function of this mutation is really
compelling. However, the assumption that a gain of function mutation should change DNA
methylation in the opposite direction to a loss of function mutation is very interesting, but the
speculation about this finding in the Discussion [lines 593-606] are problematic. The statement
that "EZH2-mediated H3K27 methylation can modulate CpG methylation" is uncited, and this is
a difficult area to understand from the biochemical perspective, much of the work in this field
dating from ~2006-2007. It does not seem reasonable to claim that the authors' "discovery
suggests a possible mechanism for epigenetic memory in which an ‘epigenetic memory module'
consisting of both EZH2 and DNMTs could coordinate the heritable transmission of silenced
epigenetic states through various rounds of post-zygotic DNA replication”, as the mutation is
present both before and after replication, the DNA methylation change can be established anew
at each round of replication. Furthermore, the prior work on NSD1 does not show the
"transgenerational transmission of specific DNAm states" - looking at that paper, there was no
study of multiple generations, this is a bizarre and sensational statement. The authors are not
studying the transmission of DNA methylation states as if they are independently self-
propagating themselves, they are studying DNA mutations that are being passed from parent to
daughter cells, leading to DNA methylation changes somehow.

Response: As suggested by this reviewer we have removed all references to epigenetic memory
and transgenerational inheritance.

With respect to the NSD1 paper (Choufani et al, 2015), we presented data for a two-generation
family with one father and two affected siblings (DI150448; DL50450 and DL50452 are the
individual IDs as presented in Table S1 of the NSD1 paper). All three shared the same NSD1-
specific DNA methylation signature as shown for the EZH2-siganture in the current manuscript.
This is an extract from the method of the NSD1 paper under "Differential DNA methylation
analysis" section. "To identify the differentially methylated CpG sites, we compared the DNAmM
distributions for Sotos cases versus controls at each CpG site. To account for the influence of the
family relationships among three of the SS patients, we formed three separate testing trials,



each time combining 16 non-familial Sotos cases with only one family member...."
Reviewer response: Removal of the statements addresses the concern.

Author Response: Thank you!

E) The authors have made a very interesting observation about loss and gain of function
mutations of EZH2 and associations with DNA methylation changes. More discussion to put this
into the context of what is known about PRC2-DNA methylation regulation would be valuable.
Response: We agree with the reviewer that further discussion regarding the mechanism of PRC2
-DNA methylation regulation would benefit the manuscript. The following text has been added
to the discussion. "PRC2 belongs to the Polycomb group (PcG) proteins family of chromatin-
modifying enzymes that function as repressors of gene expression (Schuettengruber et, al 2017).
In mammalian cells, PRC2 is primarily targeted to the unmethylated CpG islands of inactive
developmental genes (Li et al, 2017). PRC2 recruitment and binding to the targeted CpG island is
facilitated in part by polycomb-like proteins (PCLs) and JARID2 which link the PRC2 complex to
genomic sites enriched in CpG dense regions (Li et al, 2017; Youmans et al 2018). In the EZH2
LoF (hypomorphic) state, we observed a loss of DNA methylation at CpG sites enriched in
promoter regions of developmental genes which can lead to transcriptional changes during
critical developmental timepoints resulting in somatic overgrowth characteristic of WS. In the
case of the EZH2 GoF state, we observed a gain of methylation at the same CpG sites which can
lead to transcriptional changes during development resulting in growth restriction. Further work
is needed to explore the underlying transcriptional dysregulation at the gene promoters
overlapping the EZH2-specific signature in relevant cell types and critical timepoints during
development.”

Reviewer response: That seems like a reasonable discussion of this interesting finding.

Author Response: Thank you!

F) Unfounded statements ("EZH2-mediated H3K27 methylation can modulate CpG methylation”,
"discovery suggests a possible mechanism for epigenetic memory in which an ‘epigenetic
memory module' consisting of both EZH2 and DNMTs could coordinate the heritable
transmission of silenced epigenetic states through various rounds of post-zygotic DNA
replication", "transgenerational transmission of specific DNAm states") need to be eliminated
and replaced with more temperate and precise language. For example, "transgenerational” has a
common meaning in the field of epigenetics (PMID: 17949945). More precise description of
what the authors are trying to communicate would be very helpful.

Response: We thank the reviewer for his/her comments, and we have clarified the discussion to
reflect our findings.

"Our results support the position that the DNA methylation changes observed in individuals
carrying germline EZH2 pathogenic variants represent a downstream cascade of events at the

molecular level in response to a genetic change. These DNA methylation changes recur across



multiple generations if the genetic change is present demonstrating the impact of EZH2
pathogenic variants on epigenetic programming during embryonic development".
Reviewer response: This is much more clear and accurate, good response.

Author Response: Thank you!

G) The value of this approach to understand the effects of DNA sequence variants, the detection
of somatic mosaicism, the commonalities between phenotypes caused by mutations in different
genes, the differences in phenotypes caused by different types of mutations in the same gene,
and the ability to understand phenotypic heterogeneity is really compelling. This is a really nice
study and an excellent contribution to the field.

Response: We thank the reviewer for highlighting the important contribution of the study to the
field.

Minor edits:

* * [line 263] consequitive -Corrected

* * [line 337] subjects- This refers to other protein members of the PRC2 complex, therefore
not corrected

Reviewer response: Now line 344, the sentence starts with lower case "subjects that were
identifiedad}", not sure how that can have been missed repeatedly.

Author Response: Fixed

* * [line 345] ;-Not clear what the reviewer is referring to.
Reviewer response: Now line 352, the semicolon is followed by a capitalised word and what
appears to be a new sentence, so a period seems more appropriate.

Author Response: Fixed
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Abstract

Weaver syndrome (WS), an overgrowth/intellectual disability syndrome (OGID), is caused by
pathogenic variants in the histone methyltransferase EZH2, a core component of the Polycomb
repressive complex-2 (PRC2). Using genome-wide DNA methylation (DNAm) data for 187
individuals with OGID and 969 controls, we show that pathogenic variants in EZH2 generate a
highly specific and sensitive DNAm signature reflecting the phenotype of WS. This signature
can be used to distinguish loss-of-function from gain-of-function missense variants, and to detect
somatic mosaicism. We also show that the signature can accurately classify sequence variants in
EED and SUZ12, encoding two other core components of PRC2, and predict the presence of
pathogenic variants in undiagnosed individuals with OGID. The discovery of a functionally
relevant signature with utility for diagnostic classification of sequence variants in EZH2, EED
and SUZ12 supports the emerging paradigm shift for implementation of DNAm signatures into

diagnostics and translational research.



Introduction

Weaver syndrome (WS [MIM: 277590]), an overgrowth/intellectual disability syndrome
(OGID), is characterized by pre- and postnatal overgrowth, accelerated osseous maturation,
characteristic craniofacial features and variable intellect.> Sequence variants in EZH2 (Enhancer
of Zeste, drosophila, homolog 2 [MIM: 601573]) are the primary reported cause of WS, %3
accounting for more than 90% of individuals. EZH2 encodes part of the catalytic component of
the polycomb repressive complex 2 (PRC2), which regulates genome-wide chromatin structure
and gene expression through methylation of lysine 27 of histone H3; this mark drives chromatin
condensation and transcriptional repression. * EZH2 in combination with EED (Embryonic
Ectoderm Development [MIM: 605984]) and SUZ12 (SUZ12 polycomb repressive complex 2
subunit [MIM: 606245]) form the core complex of PRC2. Recently, it has been established that
pathogenic variants in EED and SUZ12 cause two clinically overlapping OGID syndromes,

Cohen-Gibson (MIM: 617561) and SUZ12-related overgrowth syndrome, respectively. %8

The phenotypic consequences of pathogenic variants in EZH2 are variable; clinical
diagnosis is therefore challenging in the absence of the characteristic facial phenotype. The
clinical features can be age dependent, and in the largest case series to date, fewer than half
(47%) of individuals with EZH2 pathogenic variants were considered to have the classic Weaver
syndrome facial gestalt.® Tall stature, with a height at least two standard deviations (SDs) above
the mean, is the most consistent EZH2-related clinical feature, present in ~90% of affected
individuals. Intellectual disability is also common, present in ~80%, but can be very mild.
However, tall stature and intellectual disability are nonspecific and generally common, which

limits their utility as discriminating clinical features of WS and its related disorders. *



Several studies have shown that WS-associated pathogenic EZH2 variants cause a loss
rather than a gain of enzymatic activity. Cohen et al. ” found reduced histone methyltransferase
activity using an in vitro assay. In a mouse model of WS, decreased di- and trimethyl-H3K27
were identified in homozygous and heterozygous embryos, thereby supporting a role for reduced

methyltransferase function as the cause of WS. 8

We and others have recently found that disorders caused by pathogenic sequence variants
in epigenes (genes encoding proteins that demonstrate “epigenetic” functions) may cause cells to
change their typical DNA methylation (DNAm) and transcriptional profiles. Individuals with
pathogenic variants in some epigenes exhibit disorder-specific signatures comprised of genome-
wide, multilocus DNA methylation alterations. These signatures can be used to functionally
classify sequence variants, with high sensitivity and specificity and to improve our understanding
of the pathophysiology of the associated genetic disorder. ®° We have also shown that
pathogenic sequence variants in clinically overlapping, genetically distinct disorders may lead to
similar epigenetic patterns of regulatory disruption. Our group has recently reported this
phenomenon in Kabuki syndrome (KS) types 1 and 2, for which sequence variants in different
causative genes (KMT2D [MIM: 602113] , KDM6A [MIM: 300128] ) share an epigenetic disease
signature 1% and in BAF complex-associated disorders, we and others have reported similar

findings. 12 1®

In this study, we identified a genome-wide DNAm signature associated with pathogenic
variants in EZH2. We were successful in using this signature to detect somatic mosaicism for
EZH2 variants and to classify both gain-of-function (GoF) and loss-of-function (LoF or
hypomorphic) sequence variants in EZH2. Further, this EZH2 signature can be used to identify

and classify pathogenic sequence variants in other genes in the PRC2 core complex, namely



EED and SUZ12. These data provide the first evidence for convergent molecular signatures for
three PRC2 complex genes and highlight the functional relevance of this DNAm signature for
predicting variant pathogenicity, detecting somatic mosaicism, and most importantly, for

discriminating different functional effects of sequence variants.

Subjects and Methods

Cohort with EZH2 variants

The research was approved by the Research Ethics board at The Hospital for Sick
Children (REB# 1000038847) and consent was obtained from participating subjects and /or their
parents or guardians. Peripheral blood samples from subjects with EZH2 variants (n=40) were
used in this study, of whom eight unrelated subjects were used as a discovery set with a clinical
diagnosis of Weaver syndrome and pathogenic sequence variants in EZH2, seven previously
published in % " and one unpublished case (see Table S1). Another unrelated cohort with clinical
diagnosis of WS consisting of eight previously published WS individuals with pathogenic EZH2
sequence variant as part of the Childhood Overgrowth Consortium in the UK! was used as an
independent validation set (Table S2). This EZH2 variant cohort included a familial case series
with a pathogenic EZH2 sequence variant: GenBank: NM_004456.4; c.466A>G [p.Lys156Glu].
The proband has a family history of overgrowth, and the EZH2 sequence variant segregated with
the overgrowth phenotype over three generations. The family included the proband, two affected
siblings, the mother and maternal grandfather. 3 An additional test cohort for EZH2 variant
classification consisted of 19 samples with EZH2 variants (see Table S9), collected from
PreventionGenetics, USA; from British Columbia Children’s Hospital at the University of
British Columbia, Vancouver, Canada; from St George's University Hospitals NHS Foundation

Trust, London, UK; from the Department of Human Genetics, Yokohama City University



Graduate School of Medicine, Fukuura, Japan; from Laboratorio di Genetica Medica, ASST
Papa Giovanni XXIII, Piazza OMS, Bergamo, Italy; from the Department of Medical Genetics,
University of Alberta, Edmonton, Canada; and from the Victorian Clinical Genetics Services,

Murdoch Children’s Research Institute, Royal Children Hospital, Victoria , Australia

Cohort with EED variants
Three individuals with de novo EED pathogenic variants were previously reported®’ and

are described in Table S9.

Cohort with SUZ12 variants

Five individuals with SUZ12 variants were recruited to the study including one
previously reported familial case comprised of the proband and affected father. ® Two individuals
with missense variants in SUZ12 recruited from British Columbia Children’s Hospital at the
University of British Columbia, Vancouver, Canada and from the Department of Pediatrics and
Adolescent Medicine from the University of Hong Kong. One autism case with 17g11.2 dup
overlapping SUZ12 identified at the Hospital for Sick Children, Toronto, Canada. Full

description of the sequence variants is given in Table S9.

All gene variant annotations as well as in silico prediction using PolyPhen-2, SIFT, and
MutationTaster were generated using Alamut visual 2.11. CADD scores were obtained using

CADD database v1.4.

Control Cohort
Genomic DNA from peripheral blood was obtained on a set of controls (n=23) selected as

age- and sex- matched neurotypical controls to the EZH2 discovery set (Table S3). In addition,



148 controls were used to determine the specificity of the DNAm signature. These control
samples were obtained from the POND Network, The Hospital for Sick Children, and The
University of Michigan (Dr. Greg Hanna).® Neurotypical was defined as healthy and
developmentally normal on formal cognitive/behavioral assessments (samples from POND and
The University of Michigan) or via physician/parental screening questionnaires (Hospital for
Sick Children). Additional blood controls were obtained from publicly available datasets taken
from the Gene Expression Omnibus. In total,

we used data from 718 unrelated subjects from the general population without clinically-obvious
neurodevelopmental phenotypes, who had DNA extracted from peripheral blood and had
undergone profiling with the Illumina 450k array (GSE54670, GSE54399, GSE51245,
GSEB89353, GSE36064, GSE128801, GSE53045, GSE40279, GSE42861).17% We restricted
subjects to those age <50 years to match our Weaver cohort and excluded one control sample, as
it presented as outlier based on principal component analysis (PCA) of autosomal probes. For

detailed information see Table S7 and Figure S5.

DNAm array processing

Genome-wide DNAm profiling on control and affected subjects matched for age and sex
was performed at The Center for Applied Genomics (TCAG), SickKids Research Institute,
Toronto, Ontario, Canada. Genomic DNA from each subject was sodium bisulfite converted
using the EpiTect Bisulfite Kit (EpiTect PLUSBIsulfite Kit, QIAGEN, Valencia, CA), according
to the manufacturer’s protocol. Modified genomic DNA was then processed and analyzed on the
Infinium HumanMethylationEPIC BeadChip (Illumina 850K) according to the manufacturer’s
protocol.?® The distribution of the samples on the arrays was randomized for both disease and

control samples. All signature-derivation samples (WS and controls) were run in the same batch.



Quality control and normalization: The raw IDAT files were converted into f-values, which
represent DNAm levels as a percentage (between 0 and 1), using the minfi Bioconductor package
in R. Data preprocessing included filtering out non-specific probes (41,135 probes); probes with
detection p-value > 0.05 in more than 25% of the samples (824 probes); probes with single
nucleotide polymorphic sites (SNPs) located within 10 bp of the targeted CpG site or a single
base extension as well as probes near SNPs with minor allele frequencies above 1% (n=29,958);
probes with raw beta = 0 or 1 in > 0.25 % of samples (n=21); non-CpG probes (n=2,932); and X
and Y chromosome probes (n=19,627) for a total of 91,343 probes removed and a total of
n=774,516 probes remaining for differential methylation analysis. Standard quality control
metrics in minfi were used, including median intensity QC plots, density plots, and control probe

plots: all samples passed quality control and were included in the study.

Differential DNAm analysis

The analysis was performed using our previously published protocol. ° Differential
DNAm analysis between WS and controls was performed at 774,516 CpG sites using beta
scores, which represent DNAm levels as a percentage (between 0 and 1). The B-value from each
sample at the remaining 774,516 CpGs was used for downstream analysis and generation of a
DNAm signature. Beta values were logit transformed to M-values using the following equation:
log2(beta/(1-beta)). A linear regression modeling using limma package 2" was used to identify
the differentially methylated probes. We estimated blood cell proportions using Houseman's
algorithm and the Bioconductor packages, minfi and FlowSorted.Blood.EPIC. This method
generates proportions of CD8+ T cells, CD4+ T, natural killer, B cells, monocytes and
granulocytes (mainly neutrophils, Neu) (Table S13).2 These estimated values for each cell

component were incorporated into the model matrix of the regression analysis as covariates



along with sex and age . The analysis was done on the discovery set of eight WS and 23 controls
per the following regression model: DNAm was regressed against sex+age+
CD8T+CD4T+NK+Bcell+Mono+Neu for each CpG site. The generated p-values were corrected
for multiple testing using the Benjamini-Hochberg method. A significant difference in DNAmM
between WS and control samples for each CpG site was required to meet the cutoffs of
Benjamini-Hochberg adjusted p-values<0.05 and |AB| > 0.10 (10% methylation differences) as

previously reported % 1° .

Generation of disease score classification model using correlation analysis

We used a previously described pipeline for generating disease scores using an
established disease-specific DNAm signature. % 1 At each of the 229 signature CpGs, a median
DNAm level was computed across the WS individuals (n=8) used to generate the signature,
resulting in a reference profile. Similarly, a robust median-DNAm reference profile for the
signature controls (n=23) was created. The classification of each additional gene variant or
control DNAm sample was based on extracting a vector BRsigR of its DNAm values in the
signature CpGs and comparing BRsigR to the two reference profiles computed above. EZH2 score
was defined as: EZH2 score = r(BRsigR, WS profile) — r(BRsigR, control profile)) where r is the
Pearson correlation coefficient. A classification model was developed based on scoring each new
DNAm sample using the EZH2 Score: a test sample with a positive score is more similar to the
WS reference profile based on the signature CpGs and is therefore classified as “pathogenic”;
whereas a sample with a negative score is more similar to the control-blood reference profile and
is classified as “benign”. The classification is implemented in R. To test specificity, EPIC array

data from 148 additional neurotypical controls were scored and classified. To test sensitivity,

10



eight additional unrelated WS individuals with EZH2 pathogenic variants were scored and

classified.

Generation of machine learning model for variant classification

Using the R package caret, probes with very similar methylation patterns with correlation
greater or equal to 90% (redundant probes) were removed as we previously described ° leading
to a subset of 119 CpGs. Next, we developed a machine-learning model, a support vector
machine (SVM) model with linear kernel that had been trained on the significant CpG sites from
the discovery cohorts after further filtering to remove redundant CpGs. The model was set to the
“probability” mode to generate SVM scores ranging between 0 and 1 (or 0 and 100%), thus
classifying samples as “WS” (high scores) or “not-WS” (low scores). This SVM model was built

as a tool for the classification of variants in EZH2, EED and SUZ12.
Identification of differentially methylated regions

To identify differentially-methylated regions (DMRs) that are associated with EZH2
variants, we used the bumphunting method?® which strengthens the detection of regional
differences by combining differential-methylation patterns across neighboring CpG sites. % The
bumphunting design matrix accounted for the potential confounding effects of sex and age and
was used to identify regions with consecutive CpGs no more than 0.5 Kb apart and an average
regional methylation difference |AB[>10%. Statistical significance was established using 1,000
randomized bootstrap iterations, as is recommended in the Bioconductor bumphunter package

when accounting for confounders. The resulting DMRs were post-filtered to retain only those
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with p-value<0.05 and a length (number of consecutive CpGs) of at least five CpGs. The

analysis was performed on the same sets of cases and controls used as the discovery cohort.

Genomic and gene-set enrichment analyses

For genomic enrichment analysis, the list of 229 CpG sites (foreground genomic regions)
was submitted to GREAT (Genomic Regions Enrichment of Annotations Tool) 3! using the
default settings. We used the set of CpG sites after minfi probe quality control (n=774,516) as the
background genomic regions.

Gene-set enrichment analysis was performed using g: Profiler to identify Gene Ontology
(GO) Biological Process terms overrepresented in the annotations of genes overlapping the
differentially methylated CpGs. The enriched GO terms with Benjamini-Hochberg corrected p-
values <0.05 were reported. The redundant GO terms were reduced and visualized as interactive

networks using EnrichmentMap app on the Cytoscape platform as previously described. 2

Enzymatic activity of EZH2

The luminescence assay to determine EZH2 enzymatic activity for the p.Ala738Thr
sequence variant was performed at BPS Bioscience as follows: a 50 ul reaction mix containing
50 uM S-adenosylmethionine, EZH2 enzyme (as part of an artificially-assembled PRC2 complex
derived from baculovirus expression vectors), and 20 mM phosphate buffer pH 7.4, 0.05%
Tween-20 HMT buffer 2 (BPS #52170) was added to wells coated with the substrate. Incubation
was done for one hour at room temperature, then antibody against methylated lysine 27 (K27)
residue of histone H3 was added and incubated for one hour. Secondary horseradish peroxidase

(HRP)-labeled antibody was added and incubated for 30 min. Finally, HRP chemiluminescent
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substrates were added and luminescence was read in using a microplate chemiluminescence
reader. Control replicates were done with two different lot numbers of baculovirus-expressed
human EZH2 bearing the canonical protein sequence, and a third iteration of the assay was done

with EZH2 bearing a Threonine residue at position 738, replacing the Alanine.

Molecular Protein Modeling

We applied PRODRG *- a tool for high-throughput crystallography of protein-ligand complexes.
to build ad hoc topologies of S-Adenosyl methionine (SAM) and S-Adenosyl homocysteine
residues for Gromacs. We performed homology modeling via Modeller v 9.22, 3 setting the MD
refinement value to “refine.very slow” and leaving the remaining parameters at default. Only the
SET and post-SET domains of EZH2 were modelled to conform with i) the absence of known
structures for the post-SET domain and ii) the need to simplify the model also in terms of
computational costs and complexity. As a template structure for the modeling of SET domain we

used 4MI0 3°,

Energy Minimization and AG measurements: Potential Energy minimization was performed on
each EZH/SAH complex structures with GROMACS 2019 through a multi-step conjugate
gradient algorithm using Amber99-1LDN force-field 3. The minimization procedure automatically
stopped when the resulting structure reached an RMSD threshold of 0.01. Estimates of the Free

Energy of binding of each complex was measured via autodockVina. '

Screening of subjects affected by syndromic overgrowth
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We tested the DNAm signature generated for EZH2 against DNAm profiles generated on
other syndromic overgrowth cohorts including subjects with Sotos syndrome and pathogenic
variants in NSD1 (n=49),° Tatton-Brown Rahman syndrome and pathogenic variants in
DMNT3A (n=5) ?? and susceptibility to autism and pathogenic variants in CHD8 (n=10).
DNAm profiles at the 229 CpG sites were extracted from each subject and tested using the
disease score correlation matrix against the DNAm profiles of controls and WS. DNAm profiles

for all these subjects were generated on the Illumina 450Kk array.

Cohort with undiagnosed overgrowth and intellectual disability

Samples with undiagnosed overgrowth and intellectual disability who had tested negative for
NSD1 and/or EZH2 coding variants were included in this analysis. These samples were profiled
on the lllumina 450Kk array as part of a large cohort study of overgrowth syndromes at the
Weksberg lab with samples collected from the division of Clinical Genetics at The Hospital for
Sick Children, at the Department of Pediatrics and Adolescent Medicine from the University of
Hong Kong, and at British Columbia Children’s Hospital at the University of British Columbia.
The UBC study recruited some samples referred in by international collaborators, some of which
were referred because of a known variant in EZH2, and others referred in for the purposes of
identifying the cause of undiagnosed overgrowth and/or intellectual disability. Samples included
73 DNAm profiles from blood-derived DNA generated on the lllumina 450k array. DNAm
profiles at the EZH2-specific classification signature were extracted from each subject and tested
using the disease score classification model to establish diagnosis in a search of potential
individuals with WS. Once a DNAm profile similar to WS was identified in these undiagnosed
individuals, next-generation sequencing was performed on these individuals to identify variants

in PRC2 complex members.
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Whole genome sequencing

Subjects that were identified with DNAm profiles similar to the WS profile were
subjected to next-generation sequencing for variant identification. About 1 ug of genomic DNA
was submitted to TCAG for genomic library preparation and whole genome sequencing. DNA
samples were quantified using Qubit High Sensitivity Assay and sample purity was checked
using Nanodrop OD260/280 ratio. Seven hundred ng of DNA was used as input material for
library preparation using the lllumina TruSeq PCR-free DNA Library Prep Kit following the
manufacturer’s recommended protocol. In brief, DNA was fragmented to an average size of 400
bp using sonication on a Covaris LE220 instrument; fragmented DNA was end-repaired, A-tailed
and indexed TruSeq Illumina adapters with overhang-Ts added to the DNA. Libraries were
validated on a Bioanalyzer DNA High-Sensitivity chip to check for size and absence of primer
dimers and quantified by gPCR using the Kapa Library Quantification lllumina/ABI Prism Kit
protocol (KAPA Biosystems). The Validated library was paired-end sequenced on the Illumina
HiSeq X platform following Illumina’s recommended protocol to generate paired-end reads of

150-bases in length.

Pyrosequencing

Genotyping was performed using quantitative pyrosequencing for EZH2 variant:
GenBank: NM_004456.4; ¢.2006G>A [p.Ser669Asn] in a father-child pair. Targeted assay was
designed using the PyroMark Assay Design Software 2.0 (Qiagen). Primer set sequences
consisted of forward primer-5-AAGCTGACAGAAGAGGGAAAGTG; reverse primer 5’-

TCCCAGCTCTGAAACATACCA and sequencing primer 5’-TTCAAGTTGAACAGAAAG.
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The amplification protocol was developed using a biotinylated universal primer approach.
Regions of interest were amplified by PCR and pyrosequencing was carried out using the
PyroMark Q24 pyrosequencer (Qiagen) according to the manufacturer’s protocol. Output data
were analyzed using PyroMark Q24 Software (Qiagen), which calculates the allelic percentage
for each allele, allowing quantitative comparisons.

Ethics Statement

The study protocol has been approved by the Hospital for Sick Children Research Ethics Board
(REB 1000038847). All the participants provided informed consent prior to sample collection.
All samples and records were de-identified before any experimental or analytical procedures.

The research was conducted in accordance with all relevant ethical regulations.

Results

Identification of DNAm signature in Weaver syndrome

To identify an EZH2 DNAm signature, we generated genome-wide DNAm profiles using
Infinium HumanMethylationEPIC BeadChip arrays to test DNA from blood samples of
individuals with pathogenic sequence variants in EZH2 and controls. A comprehensive map
illustrating the specific variants in EZH2 and the number of affected individuals for each variant
is shown in Figure 1. The complete WS cohort included 21 subjects, all of whom had clinical
features of WS and EZH2 pathogenic sequence variants identified in molecular diagnostic
laboratories (Tables S1 and S2). The Canadian cohort was used for discovery (n=8 unrelated
individuals) (Table S1) and the UK cohort was used for validation (n=8 unrelated subjects and

n=5 affected members of the same family) (Table S2). Both cohorts included individuals from
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international centers. The demographics for the discovery cohort were as follows: for WS there
were five males and three females and the mean age + standard deviation at sample collection
was 16 + 14.7 years (range 1-43 years). The 23 sex- and age-matched control subjects included
15 males and eight females; their mean age at the time of sample collection was 15.9 + 9.8 years
(range 3-39 years) (Table S3).

We used our established pipeline as outlined in the Methods for signature derivation. Of
the 774,516 CpG sites tested for differential DNAm between WS and controls, we identified 229
statistically significant changes in DNAm across the genome at an FDR adjusted p-value<0.05
and |AB| > 0.10 (Table S4). Over 81% of these sites showed hypomethylation in WS compared to
controls and the remaining 19 % displayed hypermethylation in WS. Most of these sites were

mapped to gene promoter regions within 5kb of the transcription start site (Figure.S1).

The signature CpG sites were examined using principal component analysis (PCA)
(Figure 2A) and hierarchical clustering (Figure 2B) to assess their capacity to separate WS
subjects from controls. As seen in Figure 2, the significant CpGs could be used to segregate the
discovery cohort of WS from controls. Consistent with the analysis of DNAm at single CpG
sites, regional DNAm analysis using a bumphunting approach ?° identified several genomic
segments that spanned between 5 and 35 CpG sites overlapping important, previously reported
targets of EZH2® (Table S5). One example of such a genomic segment is the HOXA gene

cluster, which was also identified as significant at the level of single CpG analysis.

Validation of the EZH2 DNAmM signature
To test the specificity and sensitivity of the EZH2 DNAm signature, comprised of 229 CpG sites,
we generated median-methylation profiles of controls and WS subjects from the discovery

cohort, and classified our independent validation cohort of WS individuals (n = 8) and controls
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(n =148) as either “WS” (positive disease score) or ‘not WS’ (negative disease score) based on
their DNAm profiles using the correlation-based classification model (see Methods). All controls
showed DNAm profiles similar to the control profile, had negative disease scores and were
classified as “not WS” demonstrating 100% specificity (Figure 3A). Each case in the WS
validation cohort clustered with WS and not with controls and generated positive disease scores.
Therefore, the validation cohort demonstrated 100% sensitivity (Figure 3A, Table S6). We also
tested the ability of the EZH2 signature to classify DNAm profiles generated from a three-
generation family with a segregating EZH2 variant: GenBank: NM_004456.4; c.466A>G
[p.Lys156Glu]. All affected family members clustered with the WS individuals and had positive
disease scores (Figure 3A, Table S6).

To further assess the specificity of the EZH2 signature, we evaluated its performance
using a collection of control blood DNAm data extracted from the GEO repository. As there are
very limited control data available for the EPIC array, we utilized data from Illumina 450k arrays
(n=718) (Table S7) as well as control 450k array data from our group (n=80) to compare to a
subset of the WS-discovery cohort also generated on the 450k array. For this analysis, we
defined 161 CpG sites that overlapped the EZH2 signature on the EPIC and 450Kk arrays and used
the correlation-based classification model (see Methods). As seen in Figure 3B, all 798 control
samples had low disease scores for EZH2 (Table S8), therefore they were predicted as “not WS”
(i.e. not to have pathogenic variants in EZH2) again demonstrating 100% specificity of the
signature (Figure 3B). These results highlight the robustness of the EZH2 signature, as it
overcame many sources of variation such as sex, age, batch, and DNA processing methods

contained in the GEO cohorts.
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Classifying models for EZH2 sequence variants

Using the highly specific and sensitive EZH2 signature, we tested 19 independent
subjects with EZH2 sequence variants (See Table S9) using the correlation-based model for
variant classification (Table S6, Figure 4A). We found that ten subjects had positive disease
scores and were therefore classified as “WS” and nine had negative disease scores and were
classified as “not WS”.

Next, we tested the support vector machine-learning model (SVM), trained on significant
CpG sites from the discovery cohorts, on the validation sets of WS and controls. This model
generated scores between 0 and 100%, with high scores classified as “WS” and low scores
classified as “not WS”. We found that it correctly predicted the classification of all WS and
control samples with 100% accuracy (Table S10). Then, we used the SVM model on the test
cohort of 19 subjects with EZH2 variants (Table S9, Figure 4B). Ten out of the 19 variants were
classified as pathogenic or “WS” (scores between 70-95%) and eight variants were classified as
benign or “not-WS” (scores between 0-17%). One subject (described below) had an intermediate
SVM score of 49%.

The correlation and SVM models were concordant for predicting the pathogenicity of
EZH2 variants in this testing cohort (Figure 4A and B) with one exception. Both models
classified ten of the test cohort samples as pathogenic and 8 as benign. Those classified as
pathogenic included eight with missense variants in EZH2 (Figure 4, Table S9); five of these
were de-identified samples from PreventionGenetics each with an associated clinical diagnosis
of WS (PG-55; PG-61; PG-75; PG-87; and PG-45). The other three missense variants included a
clinically affected father -child pair (EX0079 and EX0080, respectively) and one individual

(MDL#76455) with an EZH2 variant: GenBank: NM_004456.4; ¢.2006G>A [p.Ser669Asn]
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inherited from a tall but clinically unaffected father (MDL#67485). The other two variants
predicted to be pathogenic were copy number variants (CNV) including, a previously published
EZH2 deletion: GenBank: NM_004456.4; EZH2 (partial [exon20] deletion) (25.42 kb deletion
involving EZH2 and CUL1) associated with WS © and, an EZH2 duplication: GenBank:
NM_004456.4; ¢.2196-2_2211dupAGATACAGCCAGGCTGAT 1. The latter CNV was
identified in an individual diagnosed with WS at birth (§126694). Although this sample had a
positive disease score, it did not cluster with the majority of WS samples. Review of the clinical
findings for this individual revealed an atypical presentation i.e. more severe 1D than most
individuals with WS, as well as seizures and contractures, suggesting the possibility of a dual or
more complex genetic diagnosis.

The sample for which discordant results were obtained was MDL#67485, the father of
MDL#76455. Both father and son were identified to have the same EZH2 variant, however, the
child had a clinical diagnosis of WS while the father presented with tall stature but no other
features of WS. The affected son (MDL#76455) had an SVM score of 82 % and a positive
disease score of 0.04 using the correlation-based model. The SVM score in the father was in the
intermediate range (49%) but he had a negative disease score of -0.12. Considering the
discordant predictions for the same variant, we investigated the possibility of somatic mosaicism
for the EZH2 variant in the father’s blood-derived genomic DNA. Using quantitative
pyrosequencing, we genotyped the EZH2 variant in both the father and the affected child and
found that the percentage of the variant allele was 46% in the blood of the child, but only 38% in
the blood of the father suggesting somatic mosaicism.

The eight samples that were classified by both models as benign included five subjects

with undiagnosed OGID who inherited an EZH2 variant: GenBank: NM_004456.4; ¢.553G>C
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[p.Asp185His]. None of these individuals had the typical features of WS. Limited family history
information was available; in one case the variant was known to be inherited from a
phenotypically normal parent (Table S9).

Two subjects with EZH2 de novo missense variants and clinical findings atypical for WS
were classified as benign using both classification models (Figure 4A and 4B). The subject with
the EZH2 variant: GenBank: NM_004456.4; c.897+5G>A had a height SD +2.0, head
circumference, OFC SD +1.5 (age of assessment, 6 years) and moderate intellectual disability
with autism spectrum disorder (ASD). This variant had a negative correlation-based disease
score (-0.3) and low SVM score of 1% and was therefore classified as benign or “not-WS”. The
individual with EZH2 variant: GenBank: NM_004456.4; ¢.1072C>T [p. Arg358Cys] was 6’3 at
21 years of age with normal intellect. This variant had a negative disease score of -0.16 and an
SVM score of 17% and was classified as “not-WS”.

Next, we tested an interesting de novo EZH2 variant identified in an individual who
presented with a phenotype characterized by growth failure. This child was born by Cesarean
section at 39 weeks gestation for fetal distress. Birth weight was 2055g, length 43 cm and head
circumference 33 cm. There was no family history of WS. She had transient neonatal
hypoglycemia and hypotonia. At 9 months of age she had a “clover-leaf” shaped skull, large
anterior fontanelle, sparse eyebrows, upslanting palpebral fissures and small ears. Development
was moderately to severely delayed. By age 6 years, her weight was 9 kg, length 90 cm, and
head circumference <3™ centile for age.

The EZH2 variant: GenBank: NM_004456.4; ¢.2212G>A [p.Ala738Thr] in this subject
(A1646) was predicted to be “not-WS” with an SVM score of 0% and a negative disease score of

-0.47. Unsupervised hierarchical clustering of this variant showed that it clustered separately
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from both controls and from WS individuals but, interestingly, it generated a DNAm profile
opposite to that of the WS individuals and very different from control individuals (Figure 5A and
Figure S2). This suggested that p.Ala738Thr is a GoF variant rather than a LoF variant for EZH2
which is also consistent with the phenotypic presentation (undergrowth rather than overgrowth).
To further assess the putative GoF effect of this variant, a luminescence enzymatic assay was
done at BPS Bioscience to test the enzymatic activity of EZH2 p.Ala738Thr. As shown in Figure
5B, this assay demonstrated increased enzymatic activity of this variant compared to wild-type
EZH2.

Next, we performed a de novo modeling of the post-SET domain of EZH2, building a
protein structure including the Ala738 residue and associated proteins. We used the S-Adenosyl
Methionine (SAM) and S-Adenosyl Homocysteine (SAH) structures to obtain the EZH2-SAM
and EZH2-SAH complexes , respectively (Figure S3A).We found that the substitution of the Ala
738 residue to Threonine does not significantly change the affinity for SAM (Figure S3B)
whereas the substitution of the Ala738 residue to Threonine induces an intermediate SAM/SAH
binding mode featuring both the rotation of GIn735 side chain into a SAM-favourable state and a
hydrogen-bond network that involves the side chains of GIn735, Ala738Thr and Tyr663, leading
to an increased affinity for both cofactors (Figure S3C). Taken together, these data support the
hypothesis that this mutant form of EZH2 has a higher affinity for an active intermediate state of

the enzyme, leading to the observed increased processivity (i.e. GOF).

Shared functionality in PRC2 complex genes
Pathogenic sequence variants in, EZH2, SUZ12 and EED, the core components of the
PRC2 complex, have been associated with three clinically overlapping but distinct syndromes:

Weaver, SUZ12-related overgrowth and Cohen-Gibson syndromes, respectively. Therefore, we
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tested the ability of the EZH2 signature to predict the pathogenicity of variants in EED (n=3) and
SUZ12 (n=4), in individuals with features that overlap WS and also in an individual who
underwent genome sequencing for investigation of ASD (no other clinical information
available), who was identified to have a 1.4 Mb 17911.2 dup including NF1 [MIM:613113],
SUZ12 and several RefSeq genes (Table S9). We used both the correlation-based and SVM
models to classify these variants. All three subjects with EED missense variants showed high
SVM scores, between 92% and 96% and had positive disease scores (Figure 6, Tables S6 and
S10) suggesting a pathogenic variant. Two subjects with SUZ12 missense variants (A1765 and
EX0066) had high SVM scores (92% and 96%) and positive disease scores. The third subject
(EX0067) is the father of EX0066, who presented with mild clinical OGID features including tall
stature, prominent forehead, chin crease and normal intellect, and was identified to be mosaic for
the variant by PCR based deep sequencing. He was found to have 8.4% mosaicism in blood
leukocytes and 27% mosaicism in hair®. While the child had a 96% SVM score and a disease
score of +0.36, the father had an SVM score of 19% and a disease score of -0.17. The low level
of variant mosaicism in blood likely accounts for the negative scores and for the benign
classification of this variant in the father. The fourth subject (M/R728468(2)) with a SUZ12
variant of unknown significance (VUS) had an SVM score of 5% and a disease score of -0.35.
He presented with an atypical phenotype and inherited the variant from a clinically normal
father, validating its benign classification. The fifth subject (EX0209) who harbored a
duplication including SUZ12 had an SVM score of 2% and a negative disease score of -0.27
suggesting that the duplication of SUZ12 is unrelated to the OGID phenotype associated with

LoF in SUZ12-related overgrowth syndrome.
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Classification of overgrowth syndromes

Since overgrowth syndromes caused by heterozygous sequence variants in epigenes often
share overlapping clinical features, we investigated the DNAm profile generated on the 450k
arrays for Sotos syndrome (n=49 [MIM: 117550]), Tatton-Brown Rahman syndrome (n=5
[MIM: 615879]) and susceptibility to ASD (n=10 [MIM: 615032]) caused by pathogenic
variants in NSD1 [MIM: 606681], DNMT3A [MIM: 602769] and CHD8 [MIM: 610528]
respectively. % %22 The DNAm profiles of these individuals were compared to seven WS
individuals (with pathogenic EZH2 variants) from the discovery cohort, and 80 control samples
generated on the 450k. All individuals with pathogenic variants in NSD1, DNMT3A and CHD8
received a strongly negative disease score (Figure 7 and Table S11) and were therefore classified

as “not WS”.

Classification of undiagnosed overgrowth syndromes

In order to investigate the potential utility of the EZH2 signature as a first-tier diagnostic
assay, we compared the profiles of 73 methylomes generated in our laboratory using the 450k on
blood samples from individuals with OGID that tested negative for targeted sequencing of NSD1
and EZH2. The goal of this analysis was to determine if disease-specific DNAm signatures could
be utilized to improve the diagnostic yield in this patient population. Using the EZH2 signature,
we were able to identify two samples that showed a positive disease score of 0.12 and 0.2
(Figure 8, Table S11). These two subjects were clinically diagnosed as WS but targeted testing
of EZH2, and subsequently EED, were negative for both individuals. Since the DNAm profiles
for these two subjects clustered with WS individuals, we performed next generation sequencing

analysis on a research basis and identified in each subject a de novo frameshift variants in
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SUZ12: GenBank: NM_015355.3; ¢.1878del [p.Phe626Leufs*7]; and ¢.1715 1716insCA
[p.Leu572Phefs*11]. These two variants were validated by Sanger sequencing as recently
reported.®® The clinical findings in both individuals were consistent with those reported in other
individuals with SUZ12-related overgrowth, which has phenotypic overlap with WS, as recently
described. These data provide further evidence for the utility of DNAm profiling as a first-tier
diagnostic tool, in addition to its previously recognized proficiency as a second-tier tool for VUS

classification.% 10: 40

Functional enrichment of the EZH2 DNAm signature

Gene-set enrichment analysis was performed using g:Profiler 32 on the 89 genes that
overlapped the 229 CpG sites in the EZH2 DNAmM signature. The results demonstrate enrichment
for genes with roles in pattern specification processes, skeletal system development, and
regulation of morphogenesis such as Homeobox A5, HOXAS [MIM: 142952], ALX homeobox
4, ALX4 [MIM: 605420] and SIX homeobox 2, SIX2 [MIM: 604994] (Figure S4A, Table S12)
(Benjamini-Hochberg corrected p-value<0.01). This enrichment in skeletal development and
organ morphogenesis pathways reflects the known roles of the PRC2 core complex in cellular
lineage (and subsequent tissue) specification, and also reflects some of the cardinal features of
WS (i.e. tall stature, advanced osseous maturation, neuronal migration disorders and
developmental delay) (Figure S4B), thereby further validating the utility of this signature to

elucidate the functional, biological and molecular impact of EZH2 pathogenic variants.

Discussion
We have identified a highly sensitive and specific, EZH2 DNAm signature that can be

used to classify missense variants in EZH2 as pathogenic or benign. Notably, this is the first
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report of a DNAmM signature offering unique insights into GoF sequence variants and for the
detection of somatic mosaicism. Further, this signature has utility in classifying sequence
variants in two other genes, EED and SUZ12 that encode proteins that participate with EZH2 in
the repressive PRC2 complex. Finally, we demonstrated the first-tier diagnostic capability of this
signature, based on its ability to predict the presence of pathogenic variants in a PRC2 complex

gene (SUZ12) in two individuals with undiagnosed OGID syndrome.

In the development of DNAmM signatures, an important consideration is the issue of cell
type variation. As DNA methylation varies markedly among all cell types, including
hematopoietic cells,*! it is important to account for inter-individual differences in cell types of
whole blood samples when analyzing DNAm data from this tissue .*? Here, we estimated the cell
proportions in the discovery cohort using the Houseman method?® and included these estimates
as covariates when identifying EZH2-specific signature. This method uses DNAmM measured in
purified blood cells from a small number of healthy adults to generate cell proportion estimates
in mixed cell populations, such as whole blood. We found no statistically significant differences
in blood cell type composition between the affected individuals and controls, which aligned with
reports of individuals with EZH2-related overgrowth having typical blood cell composition.*®
Future work measuring both complete blood counts and DNAm in the same individuals with WS

is needed to confirm the efficacy of the Houseman method in this context.

PRC2 belongs to the Polycomb group (PcG) protein family of chromatin-modifying
enzymes that function as repressors of gene expression.* In mammalian cells, PRC2 is primarily
targeted to the unmethylated CpG islands of inactive developmental genes.*® PRC2 recruitment
and binding to the targeted CpG island is facilitated in part by polycomb-like proteins (PCLS)

and JARID2 which link the PRC2 complex to genomic sites enriched in CpG dense regions.*> 46
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In the EZH2 LoF (hypomorphic) state, we observed a loss of DNA methylation at CpG sites
enriched in promoter regions of developmental genes which can lead to transcriptional changes
during critical developmental timepoints resulting in somatic overgrowth characteristic of WS. In
the case of the EZH2 GoF state, we observed a gain of methylation at the same CpG sites which
can lead to transcriptional changes during development resulting in growth restriction. Further
work is needed to explore the underlying transcriptional dysregulation at the gene promoters
overlapping the EZH2-specific signature in relevant cell types and critical timepoints during

development.

Our results support the position that the DNA methylation changes observed in
individuals carrying germline EZH2 pathogenic variants represent a downstream cascade of
events at the molecular level in response to a genetic change. These DNA methylation changes
recur across multiple generations if the genetic change is present demonstrating the impact of
EZH2 pathogenic variants on epigenetic programming during embryonic development. Evidence
for this hypothesis is provided by our genome-wide DNAmM findings in a three-generation family
in which the EZH2 variant segregates from a father to his daughter and her three sons. All family
members showed the same EZH2-specific epigenotype. This suggests that the same epigenotype
was re-established downstream of a dysfunctional PRC2 complex in somatic tissues of each
affected family member, in each generation. We have previously shown similar findings in a two
generation family where one father and two affected siblings with inherited pathogenic NSD1

variant all share the same NSD1-specific DNA methylation signature. °

Constitutional pathogenic variants in EZH2 are known to cause WS; Most of these are
missense variants. Thus, predicting pathogenicity of these variants can present significant

challenges, which now can be resolved using the EZH2 signature. Such classifications are
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particularly useful for individuals with clinical findings atypical for WS who carry de novo
missense variants in EZH2. The EZH2 signature, derived from constitutional pathogenic
sequence variants, is comprised of differentially methylated CpG sites in WS individuals relative
to controls; the majority (> 81%) of these sites are hypomethylated in WS relative to controls,
whereas 19% are hypermethylated. This suggests that pathogenic EZH2 sequence variants cause
a failure of promoter CpG methylation at CpG sites critically important for normal growth and
development. Support for the functional relevance of the DNAm signature comes from the fact
that the most enriched CpG sites and genomic regions overlap HOX genes, which are known
targets of EZH2%. In cancer as well, it has been shown that loss of EZH2 contributes to

epigenetic-dependent overexpression of the HOX genes®e.

We show that the EZH2 signature can differentiate the functional effects of missense
variants in EZH2 using two previously validated classification models specifically correlation-
based® 4 1> and machine learning. % 4% 4" We propose that review of the clinical features of
subjects carrying sequence variants in disease genes, such as EZH2, combined with the
application of several methods to visualize the data in different ways as presented here, can
improve the utility of this highly sensitive and specific functional assay for variant pathogenicity
classification. We expect that this approach will also be useful for testing the functionality of
non-coding variants in disease-associated genes. Discordant results using the two different
analytic models were of interest in assessing mosaicism in a father with a sequence variant in
EZH2 who presented with tall stature, normal intellect and no other features of WS.
Pyrosequencing studies identified low-level mosaicism in his blood by which is highly relevant

for accurate genetic counseling for the family.
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In an individual with an EZH2 missense variant: GenBank: NM_004456.4; ¢.2212G>A
[p.Ala738Thr] who presented with growth restriction rather than an overgrowth phenotype, we
considered the possibility of a GoF variant and used three independent approaches to assess this
hypothesis. Utilizing the DNAm signature generated using LoF sequence variants in EZH2, we
identified DNAm alterations at most CpGs observed in the EZH2 signature but found that these
were “opposite in direction” to the DNAm changes in the EZH2 signature. Further support for a
GoF role for this variant was derived from an in vitro luminescence assay showing increased
enzymatic activity. Finally, protein modeling showed that the Ala738Thr mutated form of EZH2
shows a strong preference for an intermediate SAM/SAH binding state, which helps to explain
both the increased processivity observed in vitro, and to corroborate the GoF inferred from the
individual-specific methylation profile and the clinical presentation.

It has been shown that methylation of H3K27 by EZH2 requires the presence of two
additional proteins: EED and SUZ12. “8 Inactivation of any one of these three protein subunits
severely compromises the enzymatic activity of PRC2 and results in the reduction of
H3K27me3. #°-°1 Not surprisingly, individuals with EZH2, EED and SUZ12 pathogenic variants
present with overlapping phenotypes, including generalized overgrowth, similar craniofacial
features, advanced bone maturation, macrocephaly and variable degrees of intellectual disability.
%2 As there are few specific clinical features that distinguish each of these 3 disorders from each
other, it is difficult in many of these individuals, for even the most astute clinician, to define
specific genomic diagnosis in a particular case. Here we show that the pathogenic sequence
variants in these genes that confer similar phenotypes also confer a common DNAm signature
that represents the functional effect of PRC2 perturbation during development. As more

individuals with sequence variants in EED and SUZ12 are identified, it will become possible to
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assess whether specific DNAmM “sub-signatures” exist for LoF variants in each gene. This will be
of great interest to both clinicians and scientist who struggle with elucidating the boundaries
between syndromes both molecularly and clinically (lumping versus splitting of syndromes).
Although these three conditions currently carry independent names, some would argue that they
constitute a phenotypic spectrum that reflects their integrated molecular actions via a shared

functional complex.

We have shown that the EZH2 signature has 100% specificity, in that it does not
misclassify as positive any individuals with OGID and pathogenic variants in NSD1, DNMT3A,
or CHD8. This is congruent with what we published previously for other OGID signatures such
as NSD1.° We have also demonstrated that a gene-specific DNAm signature can be more broadly
applicable if that gene encodes a protein that participates in a functional complex. This is very
important for both first-tier diagnostics and for gene discovery. Our work is distinct from that
reported for the BAF complex 2 in which the derivation of the signature involved many genes in
the complex. In this paper we were able to use the information that the EZH2 signature also
reflected the presence of pathogenic variants in other PRC2 complex genes to efficiently assign a
definitive genomic diagnosis to two individuals with features of OGID. In both individuals, a
clinical diagnosis of WS was suspected, but targeted sequencing for EZH2 and EED was
negative. The fact that DNAm profiles were positive prompted us to arrange next generation
sequencing for other genes encoding proteins in the PRC2 complex, leading to the identification
of pathogenic sequence variants in SUZ12. For the many genes that encode proteins participating
in functional complexes, our approach provides a valuable paradigm for first-tier diagnostics that

could also play an important role in future novel gene discovery.

30



There is considerable overlap between germline/constitutional sequence variants
observed in WS and the acquired somatic EZH2 sequence variants observed in myeloid
malignancies. Two of the sequence variants present in our WS individuals, p.Arg684Cys and
p.Tyr733*, have also been detected as somatically-acquired sequence variants in myeloid
malignancies. > These two sequence variants were identified constitutionally in seven unrelated
individuals in the current series. None of these individuals have developed malignancies, though
it is noteworthy that the oldest of these seven individuals is less than 10 years old. Given that
myeloid malignancies associated with somatic EZH2 sequence variants usually present later in
life, it will be important to follow these individuals with WS who could be at increased risk of
myeloid malignancies not only in childhood, but also over their lifetime. * Long-term clinical
data for WS will be valuable for time-to-event analysis that estimates the age-specific

malignancy risk in these individuals.

In summary, this study demonstrates that pathogenic LoF variants in EZH2 are associated
with a highly sensitive and specific DNAm signature that has significant diagnostic power to
classify pathogenic versus benign variants. This study also provides unique finding wherein a
DNAm signature has the ability to distinguish GoF from LoF variants, as well as the capability
to detect somatic mosaicism of coding EZH2 variants. Notably we also show that the EZH2
DNAm signature can positively classify pathogenic sequence variants in two other genes, EED
and SUZ12, encoding proteins in the core PRC2 complex. Finally, we have demonstrated that
DNAm signatures for genes that encode proteins in a functional complex can play an important
role not only for elucidating molecular pathophysiology and as a tool for first-and second-tier

diagnostics, but also for novel paradigms for new gene discovery.
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Figure legends

Figure 1. Comprehensive visualization of EZH2 sequence variants using ProteinPaint
Schematic representation of EZH2 sequence variants included in the study. Each distinct variant
in EZH2 is represented by a disc sized in proportion to the number of samples and filled with the
color representing its class based on the legend. Missense variants which constitute the large
proportion of variants in EZH2 are colored in red, nonsense variants in blue and indels in green.
Sequence variants are positioned by their amino acid coordinates based on EZH2 NM_004456.4,
hg19. The dotted vertical lines inside the protein delineate the boundaries of coding exons and

the filled colors within the protein correspond to known protein domains.

Figure 2. EZH2 -specific DNAm signature

(A) Principal components analysis (PCA) plot and (B) corresponding hierarchical clustering
(Eucledian distance metrics) and representative heatmap of 31 samples (n=8 WS; n=23 controls)
using the differentially methylated CpG sites comprising the EZH2-specific DNAm signature
(229 CpG sites). In both A and B, samples labeled with red represent Weaver syndrome, blue
samples are controls. On the heat map, yellow indicates high DNAm and blue indicates low

DNAm. For the heatmap, data are normalized for visualization (mean=0, variance=1).

Figure 3. Testing the sensitivity and specificity of the EZH2- specific signature

(A) Plot representing the median-methylation profiles of WS (Y-axis) and controls (X-axis)
using the EZH2 DNAmM signature. The dashed line is set to represent the decision boundary for
which individuals above the dashed lines have DNAm profiles more similar to EZH2 signature
and below the dashed line have DNAm profiles more similar to controls. A set of independent
WS individuals (validation cohort, purple circles, n=8) as well as a WS family (light orange
circles, n=5 affected members) with EZH2 pathogenic variants were classified as “WS” (i.e. all
individuals classified as more similar to the EZH2 signature than controls) indicating high
accuracy of the EZH2 DNAm signature. The specificity of EZH2 signature was estimated on an
independent control validation set of 148 control samples (green crossed boxes); all subjects
classified as more similar to controls (specificity 100%). (B) Performance of the EZH2 signature

on data generated on 450Kk array including overlapping WS subjects from the discovery cohort
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n=7 (red circles), controls n=80 (blue squares) and GEO controls n=718 (brown squares)
generated on 450k array. All controls had DNAm profiles more similar to the control profile and

were therefore classified as “not-WS”. WS-Weaver syndrome.

Figure 4. Testing the ability of the EZH2 -specific signature to classify EZH2 variants

(A) Plot representing the median-methylation profiles of WS (Y-axis) and controls (X-axis)
using the EZH2 DNAm signature. A set of independent individuals with EZH2 sequence variants
(pink squares, n=19) were classified using the EZH2 signature. Of the 19 variants, ten classified
as more similar to the EZH2 DNAm profile than controls. The remaining nine variants classified
as more similar to the control profile. (B) Plot representing the Support Vector machine (SVM)
scores (Y-axis). The SVM prediction model was used to predict pathogenicity of EZH2 variants
based on the DNAm signature. All ten variants predicted as pathogenic in (A) had also very high
SVM scores > 70% and the remaining nine variants had very low SVM scores < 20% except one
variant with an SVM score of 49%. Blue arrow represents sample MDL#67845 (p.Ser669Asn).
Orange arrow represents sample S126694 (EZH2_c.2196-

2 _2211dupAGATACAGCCAGGCTGAT). Green arrow represents sample A1646
(p.Ala738Thr). WS-Weaver syndrome.

Figure 5. Gain of function variant in EZH2 have opposite DNA methylation profile at the
EZH2 signature

(A) Heatmap showing the hierarchical clustering of the DNAm profile of WS individuals (n=8,
red) with LoF (hypomorphic) variants in EZH2, Controls (n=23, blue) and EZH2 GoF variant
(p.Ala738Thr; pink) using the EZH2 signature. On the heat map, yellow indicates high DNAm
and blue indicates low DNAm. The subject with an EZH2 variant in pink display opposite
DNAm profile when compared to WS DNAm profiles. For the heatmap, data are normalized for
visualization (mean=0, variance=1). (B) Enzymatic activity of EZH2 GoF variant using an in-
vitro luminescence assay. Mutant EZH2 (p.Ala738Thr) pre-assembled into PRC2 showed
increased EZH2-mediated H3K27 methylation activity. WS-Weaver syndrome; GoF-gain of

function; LoF-loss of function.
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Figure 6. Testing the utility of the EZH2 signature in classifying sequence variants in other
components of the PRC2 complex

Using the EZH2 signature, we compared the DNAm profiles of three subjects with EED
sequence variants (yellow triangles) and those with SUZ12 variants (green diamonds) to the
DNAm profiles of controls (blue crossed boxes) and EZH2 pathogenic variants (red circles). All
three subjects with pathogenic variants in EED had DNAm profiles more similar to the EZH2
profile than controls. Two subjects with SUZ12 pathogenic variants also classified with Weaver
syndrome and the three remaining SUZ12 variants showed DNAm profiles more similar to

controls.

Figure 7. Classification of subjects with syndromic overgrowth using EZH2 signature

Plot representing samples with sequence variants in epigenes associated with other overgrowth
syndromes. These included subjects with: NSD1 pathogenic variants associated with Sotos
syndrome (n= 49, GSE74432), DNMT3A pathogenic variants associated with Tatton-Brown
Rahman syndrome (n=5; GSE128801) and CHD8 pathogenic variants associated with
macrocephaly and susceptibility to autism (n=10; GSE113967). These data were compared to
seven WS subjects from the discovery cohort and five test individuals with pathogenic mutations
in EZH2 which were run on the lllumina 450k. All overgrowth syndrome individuals had DNAmM

profiles more similar to controls and distinguishable from WS.

Figure 8. Testing the ability of the EZH2 signature in classifying undiagnosed OGID
subjects based on their DNAm profiles

OGID subjects included in this analysis were previously tested negative for targeted mutations
screening in NSD1 and EZH2. Out of the 73 subjects with OGID (brown triangles), we identified
that most had DNAm profiles similar to controls (blue squares). Interestingly, we identified two
subjects with DNAm profiles more similar to the EZH2 profile than controls samples. OGID-

Overgrowth and Intellectual Disability.
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