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The CHD4-related syndrome: a comprehensive investigation
of the clinical spectrum, genotype-phenotype correlations,
and molecular basis

Karin Weiss, MD
Tamar Paperna, PhD', Lior Cohen, MD

', Hayley P. Lazar, BSc®?, Alina Kurolap, MSc
> Marie F. Smeland, MD®, Sandra Whalen, MD’,

3 Ariel F. Martinez, PhD® %,

Solveig Heide, MD® 8, Boris Keren, MD PhD® 2, Pauline Terhal, MD®, Melita Irving, MD"°,

Motoki Takaku, PhD
Samantha A. Schrier Vergano, MD

2 John D. Roberts, PhD?, Robert M. Petrovich, PhD?,
.12 Amy Kenney, MSc'!, Hanne Hove, MD'3,
Elizabeth DeChene, MSc'#, Shane C. Quinonez, MD

1>, Estelle Colin, MD'®, Alban Ziegler, MD® '°,

Melissa Rumple, MSc'’, Mahim Jain, MD PhD*'®, Danielle Monteil, MD® '°,
Elizabeth R. Roeder, MD?°, Kimberly Nugent, MSc® ?°, Arie van Haeringen, MD?',

Michael Gambello, MD PhD?2, Avni Santani, PhD

' Livija Medne, MSc?3, Bryan Krock, PhD',

Cara M. Skraban, MD?3, Elaine H. Zackai, MD?3, Holly A. Dubbs, MSc®4, Thomas Smol, MD® 225,
Jamal Ghoumid, MD® 2>%¢, Michael J. Parker, MD?’, Michael Wright, MD?2, Peter Turnpenny, MD® *°,
Jill Clayton-Smith, MD3%37, Kay Metcalfe, MD3%3" Hitoshi Kurumizaka, PhD3?, Bruce D. Gelb, MD® 33,

Hagit Baris Feldman, MD'-3, Philippe M. Campeau, MD
2 and Katherine Lachlan, MD3®

Paul A. Wade, PhD

Purpose: Sifrim-Hitz—-Weiss syndrome (SIHIWES) is a recently
described multisystemic neurodevelopmental disorder caused by de
novo variants in CHD4. In this study, we investigated the clinical
spectrum of the disorder, genotype—phenotype correlations, and the
effect of different missense variants on CHD4 function.

Methods: We collected clinical and molecular data from 32
individuals with mostly de novo variants in CHD4, identified
through next-generation sequencing. We performed adenosine
triphosphate (ATP) hydrolysis and nucleosome remodeling assays
on variants from five different CHD4 domains.

Results: The majority of participants had global developmental
delay, mild to moderate intellectual disability, brain anomalies,
congenital heart defects, and dysmorphic features. Macrocephaly
was a frequent but not universal finding. Additional common
abnormalities included hypogonadism in males, skeletal and limb
anomalies, hearing impairment, and ophthalmic abnormalities. The

INTRODUCTION
Sifrim-Hitz-Weiss syndrome (SIHIWES, MIM 617159) is a
multisystemic neurodevelopmental disorder caused by het-
erozygous missense variants in chromodomain helicase DNA-
binding protein 4 (CHD4)."” This condition is part of an
increasingly recognized group of Mendelian disorders invol-
ving chromatin remodeling abnormalities. The initial char-
acterization of SITHIWES was based on reverse phenotyping,
i.e., we compared the clinical features of five individuals with

34 Maximilian Muenke, MD® #,

majority of variants were nontruncating and affected the SNF2-like
region of the protein. We did not identify genotype-phenotype
correlations based on the type or location of variants. Alterations in
ATP hydrolysis and chromatin remodeling activities were observed
in varjants from different domains.

Conclusion: The CHD4-related syndrome is a multisystemic
neurodevelopmental disorder. Missense substitutions in different
protein domains alter CHD4 function in a variant-specific manner,
but result in a similar phenotype in humans.

Genetics in Medicine (2020) 22:389-397; https://doi.org/10.1038/s41436-
019-0612-0

Keywords: chromatin remodeling; ATPase; missense; intellec-
tual disability; 12p13.31

de novo variants in CHD4 that underwent exome sequencing
(ES) for developmental delay and congenital anomalies." We
identified several similar features supporting a common
etiology, and similar findings were found independently by
a second group.” All published cases had de novo missense
variants but their effect on the enzymatic activity was not fully
elucidated. Because the syndrome has only been defined
recently as a clinical entity, there is scarce data regarding the
clinical spectrum, natural history, and genotype-phenotype

Correspondence: Karin Weiss (k_weiss@rambam.health.gov.il). *Affiliations are listed at the end of the paper.

These authors contributed equally: Paul A. Wade, Katherine Lachlan

Submitted 11 March 2019; accepted: 9 July 2019
Published online: 7 August 2019

GENETICS in MEDICINE | Volume 22 | Number 2 | February 2020

389


http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-019-0612-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-019-0612-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41436-019-0612-0&domain=pdf
http://orcid.org/0000-0003-0998-810X
http://orcid.org/0000-0003-0998-810X
http://orcid.org/0000-0003-0998-810X
http://orcid.org/0000-0003-0998-810X
http://orcid.org/0000-0003-0998-810X
http://orcid.org/0000-0002-0065-9476
http://orcid.org/0000-0002-0065-9476
http://orcid.org/0000-0002-0065-9476
http://orcid.org/0000-0002-0065-9476
http://orcid.org/0000-0002-0065-9476
http://orcid.org/0000-0002-7005-3621
http://orcid.org/0000-0002-7005-3621
http://orcid.org/0000-0002-7005-3621
http://orcid.org/0000-0002-7005-3621
http://orcid.org/0000-0002-7005-3621
http://orcid.org/0000-0002-4109-1928
http://orcid.org/0000-0002-4109-1928
http://orcid.org/0000-0002-4109-1928
http://orcid.org/0000-0002-4109-1928
http://orcid.org/0000-0002-4109-1928
http://orcid.org/0000-0003-2123-858X
http://orcid.org/0000-0003-2123-858X
http://orcid.org/0000-0003-2123-858X
http://orcid.org/0000-0003-2123-858X
http://orcid.org/0000-0003-2123-858X
http://orcid.org/0000-0002-4673-9762
http://orcid.org/0000-0002-4673-9762
http://orcid.org/0000-0002-4673-9762
http://orcid.org/0000-0002-4673-9762
http://orcid.org/0000-0002-4673-9762
http://orcid.org/0000-0001-6172-8247
http://orcid.org/0000-0001-6172-8247
http://orcid.org/0000-0001-6172-8247
http://orcid.org/0000-0001-6172-8247
http://orcid.org/0000-0001-6172-8247
http://orcid.org/0000-0002-8652-2541
http://orcid.org/0000-0002-8652-2541
http://orcid.org/0000-0002-8652-2541
http://orcid.org/0000-0002-8652-2541
http://orcid.org/0000-0002-8652-2541
http://orcid.org/0000-0001-9194-0644
http://orcid.org/0000-0001-9194-0644
http://orcid.org/0000-0001-9194-0644
http://orcid.org/0000-0001-9194-0644
http://orcid.org/0000-0001-9194-0644
http://orcid.org/0000-0002-8254-0216
http://orcid.org/0000-0002-8254-0216
http://orcid.org/0000-0002-8254-0216
http://orcid.org/0000-0002-8254-0216
http://orcid.org/0000-0002-8254-0216
http://orcid.org/0000-0003-0287-3561
http://orcid.org/0000-0003-0287-3561
http://orcid.org/0000-0003-0287-3561
http://orcid.org/0000-0003-0287-3561
http://orcid.org/0000-0003-0287-3561
http://orcid.org/0000-0002-9844-7817
http://orcid.org/0000-0002-9844-7817
http://orcid.org/0000-0002-9844-7817
http://orcid.org/0000-0002-9844-7817
http://orcid.org/0000-0002-9844-7817
http://orcid.org/0000-0003-2161-3239
http://orcid.org/0000-0003-2161-3239
http://orcid.org/0000-0003-2161-3239
http://orcid.org/0000-0003-2161-3239
http://orcid.org/0000-0003-2161-3239
http://orcid.org/0000-0003-2871-4307
http://orcid.org/0000-0003-2871-4307
http://orcid.org/0000-0003-2871-4307
http://orcid.org/0000-0003-2871-4307
http://orcid.org/0000-0003-2871-4307
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-0119-5896
http://orcid.org/0000-0002-7111-0050
http://orcid.org/0000-0002-7111-0050
http://orcid.org/0000-0002-7111-0050
http://orcid.org/0000-0002-7111-0050
http://orcid.org/0000-0002-7111-0050
http://orcid.org/0000-0002-5947-0897
http://orcid.org/0000-0002-5947-0897
http://orcid.org/0000-0002-5947-0897
http://orcid.org/0000-0002-5947-0897
http://orcid.org/0000-0002-5947-0897
http://orcid.org/0000-0001-8527-5027
http://orcid.org/0000-0001-8527-5027
http://orcid.org/0000-0001-8527-5027
http://orcid.org/0000-0001-8527-5027
http://orcid.org/0000-0001-8527-5027
http://orcid.org/0000-0001-9713-7107
http://orcid.org/0000-0001-9713-7107
http://orcid.org/0000-0001-9713-7107
http://orcid.org/0000-0001-9713-7107
http://orcid.org/0000-0001-9713-7107
http://orcid.org/0000-0002-7719-6545
http://orcid.org/0000-0002-7719-6545
http://orcid.org/0000-0002-7719-6545
http://orcid.org/0000-0002-7719-6545
http://orcid.org/0000-0002-7719-6545
http://orcid.org/0000-0002-6042-357X
http://orcid.org/0000-0002-6042-357X
http://orcid.org/0000-0002-6042-357X
http://orcid.org/0000-0002-6042-357X
http://orcid.org/0000-0002-6042-357X
https://doi.org/10.1038/s41436-019-0612-0
https://doi.org/10.1038/s41436-019-0612-0
mailto:k_weiss@rambam.health.gov.il

ARTICLE

correlations—information required for counseling patients’
families and clinical management of the disorder. In this
study we describe the clinical features, molecular findings, and
genotype—phenotype correlations of 32 individuals with
mostly de novo CHD4 variants. Furthermore, we provide
functional data on the effect of variants in different domains
on CHD4 protein activity.

CHD4 encodes an ATP-dependent chromatin remodeler, a
core component of the nucleosome remodeling and histone
deacetylation (NuRD) complex.”™® This complex is widely
expressed and acts mainly, but not exclusively, as a
transcriptional repressor. CHD4, as well as CHD3 and
CHD?5, belong to the CHD subfamily II, which is character-
ized by the presence of PHD fingers and chromodomains, in
addition to the SNF2-like ATPase/helicase core.”®’ These
three paralogs incorporate into the NuRD complex in a
mutually exclusive manner,'™'" and each enzyme was found
to have distinct roles in the cortical development of mice."'
Similarly to CHD4, de novo variants in CHD3 are associated
with a neurodevelopmental syndrome.'* To date, there are no
reports of pathogenic germline variants in CHD5 in patients
with intellectual disability (ID), but it is a known tumor
suppressor gene expressed mainly in the nervous system and
frequently deleted in neuroblastoma."

The ATPase and helicase domains of CHD4 resemble
SNE2, the catalytic subunit of the SWI/SNF complex in yeast,
and provide the energy for nucleosome sliding.” The PHD
and chromodomains were found to regulate ATPase and
chromatin remodeling activity by binding nucleosome and
histone H3 tails.'"*"” In addition, there are several highly
conserved domains in the N-terminal and C-terminal regions
of CHD4, some of which have not been previously
investigated. Here, we demonstrate that de novo missense
substitutions in different domains of CHD4 result in a similar
phenotype in humans. Furthermore, our data, together with
previous publications, show missense substitutions in differ-
ent domains affect adenosine triphosphate (ATP) hydrolysis
and chromatin remodeling in a variant-specific manner.

MATERIALS AND METHODS

Patients

Since the initial publications in 2016, we reached out to
additional clinicians following individuals with de novo
variants in CHD4. Connections were made through the
Deciphering Developmental Disorders (DDD) group in the
UK, GeneDx (Gaithersburg, MD), the Pediatric Cardiac
Genomic Consortium (PCGC), and different clinicians who
contacted us directly. The clinician of each participant
provided clinical data including information on growth and
development, physical examination, and laboratory and
imaging studies. In addition, data were provided on the
detected variant. The majority of participants had clinical
exome sequencing and the others underwent next-generation
sequencing panels and exome sequencing through various
research projects (DDD, PCGC). All participants had a
nondiagnostic chromosomal microarray prior to sequencing.
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All the participants or their families consented to participa-
tion in the study. Informed consent was obtained for the
publication of all photographs. The study was approved by the
National Human Genome Research Institute institutional
review board (IRB) (clinicaltrials.gov: NCT01294345).

Protein modeling

There is no experimental structure of the entire CHD4
protein; only the N-terminal (CHDNT, PDB #2N5N), PHD1
(#2L5U), PHD2 (#2L75), and chromodomains (#409I)
structures have been solved. We modeled both PHDI1-2
domains, and the chromodomains together with the SNF2-
like region (based on the previously solved CHD1, #3MWY)
using SWISS-MODEL.'® Both domains of unknown function
(DUF1087 and DUF1086) and the C-terminal domain
(CHDCT2) were modeled using I-TASSER;'” the best models
were chosen for presentation according to their c-scores. The
3D locations of CHD4 substitutions were mapped on the
corresponding domain structures.

ATPase and chromatin remodeling assays

A detailed description of the methods is provided in the
Supplementary note methods. The CHD4 protein was
prepared as previously described,'” and nucleosome recon-
stitution was performed as previously described'*"”

ATPase assay

Reaction mixtures (10 uL) of 20 mM Tris-HCl pH 7.5, 1 mM
MgCl,, 1 mM DTT, and 0.1 mg/mL BSA were prepared. As a
tracer, 2 uL of y->>P ATP was added to 20 uL of 1 mM ATP,
which was then added to the reaction mixture at a final
concentration of 100 pM ATP. Nucleosome (12 nM) or naked
347-bp DNA (12nM) was added to the mixture, and the
reaction was initiated by the addition of wild-type or mutant
CHD4 protein (at a final concentration of 25 nM). Samples
were incubated at 37 °C for 40 minutes; the addition of 2 uL of
0.5 M EDTA terminated the reaction. Aliquots (2.5 pl) of each
reaction mixture were spotted onto a PEI-cellulose thin-layer
chromatography (TLC) plate and placed into a mobile phase
of 1 M formic acid and 0.5 M LiCl and allowed to develop for
60 minutes. TLC plates were exposed to a phosphorimager
overnight and ATP hydrolysis was quantified using Image
Quant Software. Three individual experiments from two
biological replicates (n = 6) were conducted for each mutant.

Chromatin remodeling assay

A restriction enzyme accessibility assay was used to measure
the remodeling activities.'” Each reaction took place in the
presence of 20 mM Tris-HCl pH 7.5, 1 mM MgCl,, 1 mM
DTT, 0.1 mg/mL BSA, 1 mM ATP, and 5U Hhal. Wild-type
or mutant CHD4 was added to 12 nM nucleosomes at final
concentrations of 12nM, 6nM, and 3nM to initiate the
reaction. Mixtures were incubated at 37 °C for 60 minutes and
quenched by the addition of 2 pL of proteinase K buffer (167
mM EDTA, 1.7% SDS, and 6.7 mg/mL proteinase K), then
incubated at 50 °C for 15 minutes for deproteination to take
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Fig. 1 CHD4 variants and associated phenotypes. (a) CHD4 domains and the location of variants identified in this cohort. Each variant is marked
by an asterisk (*). Dark gray asterisk represents a truncating variant at the marked position. (b) A table demonstrating the amino acid positions and
the clinical findings of CHD4 variants detected in 32 individuals. The variants in bold have not been previously published. The domain color corresponds
to (a). Clinical findings marked in gray represent patients with truncating variants. Hypogonadism refers to undescended testis, micropenis, or abnormal
gonadotropin levels. (c) 3D protein modeling of the different CHD4 domains. The domain color corresponds to (a), and the variants are depicted
in gold. Pathogenic variants were found in all highly conserved domains. The box shows that the Cys467 in the PHD2 domain is involved in zinc binding

(purple sphere).

place. Samples were analyzed by 6% native polyacrylamide gel
electrophoresis. DNA fragments were visualized on a
ChemiDox XRS system (Bio-Rad) and were quantitated using
Image Lab software. Three individual experiments from two
biological replicates (n = 6) were conducted for each mutant.

RESULTS

Clinical characteristics

The cohort included 32 individuals, 12 female and 20 male.
All participants underwent ES for developmental delay and/or
congenital heart defects and were found to have a de novo
variation in CHD4 except for one case clinically suspected to
be inherited from an affected mother, but for whom a
maternal sample was not available for testing. The age at last
examination was between the newborn period and 30 years,
with a mean and median age of 10 years. Figure 1b, Fig. 2, and
Table 1S detail the clinical findings in the cohort. The
majority of individuals were born after an uneventful
pregnancy with an average birth weight and head circumfer-
ence. Most participants were reported to have developmental
delay. Speech delay was evident in 93% of participants
(29/31), but absent speech was not reported. A cognitive
assessment was performed in the majority of school-aged
participants, which identified ID in the mild to moderate
range in 86% (19/22). Three individuals (13%) had an IQ
score in the normal range; one female had autism. Hypotonia
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was reported in 17/23 individuals (74%), and 26/31 had gross
motor delays (83%). The average age of independent
ambulation was 30 months. In three cases, independent
ambulation was achieved after 5 years of age. Macrocephaly
(head circumference above 95%ile) was frequent (39%, 11/28)
but not a universal finding, and two individuals had
microcephaly. Abnormal brain imaging was seen in 69%
overall, and in 96% of the participants that underwent brain
magnetic resonance imaging (MRI) (Fig. 2). A range of
findings were reported including ventriculomegaly, hydro-
cephalus requiring shunting, Chiari 1, and a thin corpus
callosum. Interestingly, two participants were diagnosed with
moyamoya disease and subsequent stroke; one child had a
congenital stroke and another presented during infancy.
Congenital heart defects were present in 19/29 participants
(65%). There was a variety of cardiac anomalies including
septal defects, conotruncal anomalies, and valve anomalies
(Fig. 2). Conductive and/or sensorineural hearing loss was
present in 11/20 individuals (55%). Skeletal and limb
anomalies, such as vertebral fusion and carpal/tarsal coalition,
syndactyly and polydactyly, were present in 10 individuals
(31%). Ophthalmic abnormalities such as strabismus, hyper-
metropia, and astigmatism were seen in 14/19 participants
(73%). An anteriorly placed anus and vesicoureteral reflux
were detected in three individuals. Additional various
abnormalities were detected on physical examination or a
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a b Types of brain anomalies
Phenotype Frequency % 01 2 3 4 5 6 7 8 9 10 11 12
(n evaluated)
Ventriculomegaly
Developmental delay 97% (30/31)
Arnold Chiari 1
Speech delay 93% (29/31) Thin corpus callosum
Intellectual disability 86% (19/22) Hydrocephalus
Hypotonia 74% (17/23) White matter anomalies
Moyamoya disease
Motor delay 83% (26/31)
Brain anomalies 96% (22/23) Types of heart anomalies
01 2 3 4 5 6 7 8 9 10 11

Heart anomalies 65% (19/29)

Atrial septal defect

Ventricula septal defect
Pulmonary stenosis/anomaly

Patent ductus arteriosus

Hearing loss 55% (11/20)
Hypogonadism 40% (13/32)
Macrocephaly 39% (11/28)

Skeletal/limb anomalies 31% (10/32)

Tetralogy of fallot

Mitral valve anomaly

Ebstein anomaly

Ophthalmic anomalies 73% (14/19)

Truncus arteriosus

Fig. 2 The clinical spectrum of the CHD4-related syndrome cohort. (a) The frequency of different clinical features in the CHD4-related syndrome
cohort. The n refers to the number of individuals for whom we had data on the specific feature. For instance, only 23 individuals in the cohort had a brain
magnetic resonance image (MRI) and 29 had an echocardiogram. (b) Histogram of types of brain and heart anomalies seen in individuals in this cohort.

skeletal survey, as described in Table 1S. Cryptorchidism and/
or a microphallus were evident in 13 of the 20 males (65%),
and low gonadotropin levels were documented in five of
them. Hypogonadism was not detected in females; however,
hormone levels were available for only two postpubertal
females. Three individuals had documented growth hormone
deficiency and one was treated with growth hormone
supplements. Two individuals in the cohort died—one after
birth due to complications of his congenital heart malforma-
tion and another at the age of 21 years due to complications of
cervical vertebrae instability and long-term tracheostomy.

Dysmorphology

Most participants were reported to have dysmorphic features.
We reviewed the photographs of 26 participants (81%).
Figure 3a includes photographs from 17 participants who
consented for photo publication. Most, but not all, had a
common facial gestalt that included a high and broad
forehead, squared face, periorbital fullness, widely spaced
eyes, short nose, and small or dysmorphic ears. These facial
characteristics appear to be more evident during infancy and
childhood. We used the image analysis based on deep
convolutional neural network architecture provided by
Face2Gene (FDNA Inc, USA)*® on 16 photographs of
individuals with variants in the ATPase/helicase domain of
CHD4 (Fig. 3b). The facial features of this cohort differed
significantly from a control group of 32 healthy individuals
(area under the curve [AUC] 0.917 of receiver operating
characteristic [ROC] curve, p value 0.009).

392

Genotype-phenotype correlations

The majority of variants were missense substitutions or in-
frame indels (91%) affecting the SNF2-like region of the
protein (82%) (Fig. 1). Six individuals had missense substitu-
tions in the N-terminal ATPase domain and 16 individuals in
the C-terminal helicase domain. Six cases had missense
variants in other conserved domains including the N-terminal
CHDNT domain, the second PHD finger (PHD?2), the second
chromodomain, and in a conserved region in the C-terminal
portion (DUF1087). The participants with variants in
domains outside of the SNF2-like region had a phenotype
and dysmorphologies similar to those of patients with variants
within the SNF2-like region. There were three cases with
predicted protein truncation (9%). For these individuals, the
phenotype involved fewer systems and the facial features were
not similar (Fig. 1b in gray, photos not shown). One
individual with a ¢.2143C>T (p.GIn715%) variant had
developmental delay, macrocephaly, and Pierre Robin
sequence. Another individual with a ¢.2662delC (p.Val888-
Tyrfs*2) had developmental delay and mild ventriculomegaly.
The individual with the C-terminal ¢.5608C>T (p.R1870%)
variant had developmental delay, a thin corpus callosum, and
another molecular and clinical diagnosis of FLNA-related
periventricular nodular heterotopia.

Protein modeling

The predicted 3D structure of the different CHD4 domains is
shown in Fig. lc. All missense substitutions affect highly
conserved residues (Fig. 1S, Table 2S). The majority of

Volume 22 | Number 2 | February 2020 | GENETICS in MEDICINE
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Infancy

Early
childhood

Late
childhood

Adulthood

ARTICLE

n = 16 affected

n = 32 healthy controls

Characteristic features
High forehead

Wide forehead

Wide spaced eyes
Periorbital fullness
Short nose

Bulbous nasal tip
Squared jaw

Fig. 3 Facial dysmorphologies in Sifrim-Hitz-Weiss syndrome. (a) Photographs of 17 individuals with the CHD4-related syndrome at different ages.
Photos 14, 19, and 23 were previously published in ref. ' Photos 8 and 17 were published in ref.  (b) A composite of 16 photographs of participants
harboring variants within the SNF2-like domain compared with healthy controls (FDNA Inc. USA).

variants are located in the SNF2-like region (positions
~724-1281), especially its C-terminal portion. We could not
identify a common denominator for the substitutions, as both
exposed and buried amino acids were affected, only some of
which were in a defined structural element such as an a-helix.
This may indicate both a structural and a functional effect.
Only a few variants were located in other domains and,
interestingly, some were in previously established functional
positions: the p.Met202Ile variant is located in a region of the
CHDNT domain that binds DNA and poly (ADP-ribose),”"
the p.Cys467 position in the PHD2 zinc finger is predicted to
participate in Zinc binding (Fig. 3c),”” and the p.Serd70
position is located within an H3-binding surface.”” The
p-Argl870* variant in the C-terminal end is predicted to
result in a truncated protein lacking a highly conserved chain
in the CHDCT?2 domain (Fig. 1S).

ATPase and nucleosome remodeling studies

To understand the effect of CHD4 variants on protein
function, we investigated the ATPase and nucleosome
remodeling activity of five variants located in different protein
domains: ¢.1400G>A (p.Cys467Tyr) in the PHD2 domain,
c.1933C>T (p.Arg645Trp) in the chromodomain, ¢.2860A>G
(p-Met954Val) in the N-terminal ATPase, ¢.3443G>T
(p.Trpl148Leu) in the C-terminal helicase lobe, and c.4018C>T
(p-Argl1340Cys) DUF1087 (Fig. 1). The variants in the PHD
and chromodomains were found to impact ATPase activity
and decrease it by 30-50% (Fig. 4). These variants also had
decreased nucleosome remodeling activity (Fig. 5), which we
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Fig. 4 ATPase activity assay. Radiometric ATPase assays were performed
in the presence of recombinant nucleosome, naked DNA, or in the absence
of CHD4 (no protein). The percent of adenosine triphosphate (ATP)
hydrolyzed was quantified for each mutant and then normalized to wild-
type (WT) activity. Experimental data are presented as means with standard
deviation. Individual data points are represented by black (nucleosome) or
gray (naked DNA) squares. Three individual experiments from two individual
purifications (n = 6) were performed. The significance of observed differ-
ences in activity was assessed by two-way analysis of variance (ANOVA)
with Dunnett’s multiple test correction. Asterisk (*) indicates P values <0.05.

hypothesize to be secondary to the decreased ATPase activity.
The other variants had no impact on ATP hydrolysis.
However, the p.Trp1148Leu and the p.Argl340Cys variants
had a significant decrease in the ability of CHD4 to remodel
nucleosomes as demonstrated by a restriction enzyme
accessibility assay on a nucleosome substrate (Fig. 5). The
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Fig. 5 Chromatin remodeling assay. (a) Remodeling activity of CHD4 wild-type (WT) and mutants was assessed and quantified. 12, 6, and 3 nM enzyme
was incubated with 12 nM recombinant nucleosome in the presence of Hhal. Digested DNA fragments were analyzed on 6% native polyacrylamide gel. (b)
Quantitation of remodeling activity. Experimental data are presented as means with standard deviation. Three individual experiments from two individual
purifications (N = 6) were performed. (c) A two-way analysis of variance (ANOVA) with Dunnett's multiple test correction was performed to assess the
significance of observed differences in activity. Table shows the significant P values for each variant and at each dose. Ns not significant.

p-Met954Val in the N-terminal ATPase had a small increase
in the remodeling activity, which was not statistically
significant. In addition, we reviewed previous studies that
evaluated ATPase hydrolysis and nucleosome remodeling
activity of variants in CHD4 and its paralog CHD3.'>** The
majority of previously investigated variants had decreased
ATPase hydrolysis and/or nucleosome remodeling activity.
Increased remodeling was previously observed in a CHD3
variant in the N-terminal ATPase domain (p.Leu905Phe for
the equivalent CHD4 position),'” and another CHD4 variant
detected in endometrial carcinoma in the C-terminal helicase
domain (p.Hisll96Tyr).23 A more detailed description of the
functional data on specific variants from this study and
previous ones is summarized in Table 2S.

DISCUSSION
The phenotype observed in individuals with SIHIWES
involves multiple systems, similar to other Mendelian
disorders affecting the epigenetic machinery.”*> This is also
supported by the wide expression of CHD4 during mamma-
lian embryonic development, and its role in regulating gene
expression and tissue differentiation in the brain, heart, and
additional tissues.'"**">* The majority of individuals in this
cohort had global developmental delay, mild ID, dysmorphic
features, and various congenital anomalies. However, there
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was variability in the extent and severity of clinical
manifestations among different participants, which could
not be clearly explained by the variant type or location. For
example, the Argl127GIn variant was seen in two partici-
pants; one of them had moderate ID and the other had a
normal IQ. Similarly, there was no concordance in the degree
of ID between the two patients with a variant in the Argl1183
position (Fig. 1b). The most common congenital anomalies
affected the brain and the heart. Other common abnormalities
included hypogonadism, limb and skeletal anomalies, con-
ductive and or sensorineural hearing impairment, and various
ophthalmic abnormalities. A few individuals in this cohort
had hydrocephalus, Chiari 1, and cervical spine anomalies,
and therefore, brain and cervical spine imaging is important
in this condition. Other recommended evaluations include an
echocardiogram, abdominal ultrasound, a skeletal survey, and
audiologic and ophthalmologic evaluation. Interestingly, two
participants had early-onset moyamoya disease and presented
with congenital stroke or during infancy. Therefore, there
should be a high level of suspicion for this diagnosis in
SIHIWES patients. In terms of endocrine abnormalities, there
was a high prevalence of hypogonadotrophic hypogonadism
in males, and a few participants had low growth hormone
levels. An endocrine assessment is recommended at the time
of diagnosis and at puberty. The etiology of the
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hypogonadism is unknown, and it is not clear whether
females with the condition may be at risk for hypogonadism
as well. At this time, we know of normal postpubertal follicle-
stimulating hormone (FSH) and luteinizing hormone (LH)
levels in two affected females, one of whom was born to a
mother who was suspected to be affected. The other females
in this cohort are too young for assessment.

Most individuals in this cohort had a similar facial gestalt.
However, the dysmorphic features were relatively minor
and may be seen in other disorders. Generally speaking, this
condition is not easily recognized in the clinical setting so it
is likely to be diagnosed through a gene panel or ES. Still,
the fact that SIHIWES is caused mainly by missense
substitutions complicates variant interpretation, so in some
cases the facial features and other specific clinical findings
such as hypogonadism and bone fusions can aid in the
interpretation of variants of uncertain significance found
in CHD4.

Similarly to previous publications, the majority of CHD4
variants in this cohort were nontruncating. Most, but not all,
variants were located within the SNF2-like region. The SNF2-
like region contains the N-terminal ATPase domain and the
C-terminal helicase domain, which belong to a larger family
of proteins with similar enzymatic activity.® In this cohort, six
individuals had missense substitutions in the N-terminal
ATPase domain and 15 individuals had missense substitu-
tions in the C-terminal helicase domain. Almost 50% of these
variants occurred in a hot-spot region between positions 1127
and 1192, which contain motifs V, Vb, and VI of SNF2.*> A
severe and multisystemic presentation was observed in both
domains (Fig. 1b). Interestingly, even for the recurrent
variants in positions Argl127, Argl173, and Argl183, there
was variability in the degree of systemic involvement and
cognitive impairment. As such, we did not identify
genotype—phenotype correlations within this region.

ATPase hydrolysis and chromatin remodeling were pre-
viously shown to be disrupted in the presence of missense
substitutions in the ATPase and helicase domains.'>** Most
previously investigated variants had decreased ATPase and
remodeling activities, but a few variants had increased ATPase
and remodeling activities or no effect at all.'">*’ These
properties do not appear to be related to a specific domain
and are variant-specific (see Table 2S for details). In this
study, we demonstrate a similar phenomenon. The
p-Trpl148Leu variant within the helicase domain had
decreased remodeling activity. However, the p.Met954Val
variant in the ATPase domain was associated with normal
ATPase activity (Fig. 4) and a small increase in nucleosome
remodeling, which was not statistically significant (Fig. 5). It
is not clear whether the small increase demonstrated in vitro
is in fact significant in vivo, or whether there might be a
different mechanism of pathogenicity. Since the mutated
protein could be expressed and purified intact from human
cells in culture, it is likely to be stable and normally expressed
in vivo. The Met954 position is located in a highly conserved
region, and the subject had a de novo variation and a systemic
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phenotype consistent with STHIWES; therefore this is a likely
pathogenic variant.

Six individuals with variants in the N-terminal CHDNT
domain, the PHD2 zinc finger, the second chromodomain,
and the C-terminal DUF1087 had a multisystemic phenotype
and facial dysmorphologies consistent with SIHIWES,
suggesting variants in these loci have a similar effect on
CHD4 function. This was also supported by our functional
assays performed on mutant CHD4 proteins expressing
variants from the PHD2 zinc finger (p.Cys467Tyr), chromo-
domain (p.Arg645Trp), and DUF1087 (p.Argl1340Cys). The
p.Cys476Tyr and p.Arg645Trp variants caused decreased
ATP hydrolysis and nucleosome remodeling, and the
p-Argl340Cys variant led to decreased nucleosome remodel-
ing activity. The present report for functional effects of
variants in the second chromodomain and DUF1087 for CHD
proteins is the first to the best of our knowledge. Our clinical
observations and functional assays support the crucial role of
these domains in CHD4 function during development. In
addition, at the clinical level, there appears to be no difference
in the phenotype observed in individuals with variants within
or outside the SNF2-like ATPase/helicase domains. However,
we only had six cases with nontruncating non-ATPase/
helicase variants, and information from additional patients is
required to establish the phenotypic spectrum of such
individuals and possible genotype-phenotype correlations.

In this study we had three cases with truncating variants.
The p.Argl870* is predicted to result in a truncated protein
that probably does not undergo nonsense-mediated decay
(NMD).** Therefore, for this variant a dominant negative
mechanism is possible. The p.GIn715% and p.Val888fs
variants are predicted to result in a protein lacking the entire
or partial ATPase/helicase domains. Currently, blood or skin
samples from these patients are not available, and we do not
know whether the variants result in NMD or a truncated
protein product. Although these variants occurred de novo,
they may not be disease causing, especially considering their
phenotype involves only a few systems and could result from
a different syndrome not diagnosed through standard testing.
Another possibility would be that truncating variants cause a
milder phenotype.

A high prevalence of missense variants is also present in the
chromatin modulation disorders CHD3-related intellectual
disability and in the equivalent units of the SWI/SNF
complex SMARCA4 and SMARCA2, which are associated
with Coffin-Siris and Nicolaides-Baraitser syndromes,
respectively.'>> The similarity between the amino acid
sequence and functional domains of these proteins and the
presence of mainly missense variants in patients may suggest
a common molecular mechanism. To date, there is accumu-
lating data suggesting nontruncating variants in these genes
have a dominant negative or gain-of-function effect. Specifi-
cally, for CHD4 and CHD3, the are no reports of small
deletions that include these genes in individuals with
developmental delays. The haploinsufficiency index is 9.9
and 16.9, respectively (https://decipher.sanger.ac.uk/); values
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above 10 are considered borderline and do not strongly
support haploinsufficiency as the disease mechanism. Accord-
ing to the DECIPHER database, there are inherited cases of
SMARCA?2 deletions, suggesting SMARCA2 deletion does not
cause Coffin-Siris syndrome. Truncating variants in
SMARCA4 cause a cancer predisposition syndrome and not
Nicolaides-Baraitser syndrome.’® Furthermore, Hodges et al.
demonstrated that missense variants in SMARCA4, but not
haploinsufficiency of SMARCA4, alter genome-wide DNA
accessibility to enhancers.”” Another recent study showed that
overexpression of dMi-2 mutants observed in malignancies
disrupted Drosophila wing differentiation, also supporting a
dominant negative mechanism.”> We speculate that non-
truncating variants in CHD4 result in a mutant protein that
assembles into the NuRD complex and binds nucleosomes,
but has aberrant function that results in abnormal gene
expression during development. Further research is required
to fully understand the disease mechanism.

In conclusion, the CHD4-related syndrome is an autosomal
dominant disorder characterized by developmental delay,
varying degrees of cognitive disability, congenital anomalies,
and dysmorphism. Based on a series of 32 patients, we
could not establish genotype-phenotype correlation. Further
research is required to better understand the disease
mechanism and to determine the pathogenicity of truncating
variants in this condition.
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