% Universiteit
id; Leiden
The Netherlands

Neurodevelopmental and other phenotypes recurrently associated with

heterozygous BAZ2B loss-of-function variants
Sewani, S.; Azamian, M.S.; Mendelsohn, B.A.; Mau-Them, F.T.; Réda, M.; Nambot, S.; ... ;
Scott, D.A.

Citation

Sewani, S., Azamian, M. S., Mendelsohn, B. A., Mau-Them, F. T., Réda, M., Nambot, S, ...
Scott, D. A. (2023). Neurodevelopmental and other phenotypes recurrently associated with
heterozygous BAZ2B loss-of-function variants. The American Journal Of Medical Genetics -
Part A, 194(3). doi:10.1002/ajmg.a.63445

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/3731531

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3731531

W) Check for updates

Received: 13 June 2023 Revised: 29 September 2023 Accepted: 6 October 2023
DOI: 10.1002/ajmg.a.63445

AMERI.[:AN JUURNAL.UF PART
ORIGINAL ARTICLE medlcalgenetlcs WILEY

Neurodevelopmental and other phenotypes recurrently
associated with heterozygous BAZ2B loss-of-function variants

Soha Sewani' | Mahshid S. Azamian'? | Bryce A. Mendelsohn® |

Frederic Tran Mau-Them®® | Manon Réda®’®° | Sophie Nambot®!? |
Bertrand Isidor*®*® | Jasper J. van der Smagt'* | JosephlJ.Shen'®® |

Amelle Shillington1®17*® | Lori White'® | Houda Zghal Elloumi®’ |

Peter R. Baker 2nd?° | Shayna Svihovec?® | Kathleen Brown?° |

Yvonne Koopman-Keemink?!? | Mariette J. V. Hoffer??> | Inge M. M. Lakeman??
Elise Brischoux-Boucher?® | Maria Kinali** | Xiaonan Zhao®?® |

Seema R. Lalani¥?® | Daryl A. Scott %24

Correspondence

Daryl A. Scott, Department of Molecular Abstract

Physiology and Biophysics, Baylor College of
Medicine, R813, One Baylor Plaza, BCM225,
Houston, TX 77030, USA. remodeling protein that has been shown to perform a variety of regulatory functions.
Email: dscott@bcm.edu

The bromodomain adjacent to zinc finger 2B (BAZ2B) gene encodes a chromatin

It has been proposed that loss of BAZ2B function is associated with neurodevelop-
mental phenotypes, and some recurrent structural birth defects and dysmorphic
features have been documented among individuals carrying heterozygous
loss-of-function BAZ2B variants. However, additional evidence is needed to confirm
that these phenotypes are attributable to BAZ2B deficiency. Here, we report 10 unre-
lated individuals with heterozygous deletions, stop-gain, frameshift, missense, splice
junction, indel, and start-loss variants affecting BAZ2B. These included a paternal
intragenic deletion and a maternal frameshift variant that were inherited from mildly
affected or asymptomatic parents. The analysis of molecular and clinical data from
this cohort, and that of individuals previously reported, suggests that BAZ2B
haploinsufficiency causes an autosomal dominant neurodevelopmental syndrome
that is incompletely penetrant. The phenotypes most commonly seen in association
with loss of BAZ2B function include developmental delay, intellectual disability,
autism spectrum disorder, speech delay—with some affected individuals being
non-verbal—behavioral abnormalities, seizures, vision-related issues, congenital heart
defects, poor fetal growth, and an indistinct pattern of dysmorphic features in which
epicanthal folds and small ears are particularly common.
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autism spectrum disorder, BAZ2B, developmental delay, genetic syndrome, intellectual
disability, neurodevelopmental disorder
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1 | INTRODUCTION

The bromodomain adjacent to zinc finger 2B (BAZ2B) gene, located on
chromosome 2, is a member of the bromodomain gene family. It has
been shown to have a variety of related regulatory functions and has
specificity for the acetylated 14th lysine residue of the H3 histone
(H3K14ac) whose presence at promoter regions is generally associ-
ated with gene activation (Charlop-Powers et al., 2010; Karmodiya
et al,, 2012; Ntranos & Casaccia, 2016; Philpott et al., 2011; Pokholok
et al., 2005; Wang et al., 2008). The acetylation and deacetylation of
lysine residues within the tail of histones plays a crucial role in regulat-
ing gene expression (Verdone et al., 2006). Lysine acetylation removes
a positive charge, leading to a decreased interaction between the
N-termini of histones and the negatively charged phosphates of DNA.
This decrease in interaction leads to an increase in DNA accessibility.
Acetylated lysines also function to increase transcription by interact-
ing with the bromodomains of various activating transcription factors
(Ntranos & Casaccia, 2016).

Initial studies identified BAZ2B as a potential candidate gene for
autism spectrum disorder (ASD) (De Rubeis et al., 2014; Fischbach &
Lord, 2010; Guo et al., 2019). Scott et al. corroborated these findings
through bioinformatic analyses that demonstrated a high level of
functional convergence between BAZ2B and genes known to cause
autism spectrum disorder and neurodevelopmental disorder during
fetal cortical development (Scott et al., 2020). They went on to iden-
tify an excess of de novo BAZ2B loss-of-function variants within pre-
viously published cohorts of individuals with ASD, intellectual
disability (ID), or developmental disorders and subsequently identified
seven additional individuals with heterozygous deletions, stop-gain, or
de novo missense variants affecting BAZ2B. All of these individuals
had developmental delay (DD), ID, and/or ASD. Although some recur-
rent structural birth defects and dysmorphic features were noted
among individuals carrying BAZ2B loss-of-function variants, they con-
cluded that the identification of additional affected individuals would
be needed to determine whether these phenotypes were attributable
to BAZ2B deficiency.

Several metrics suggest that BAZ2B is haploinsufficient. Specifi-
cally, BAZ2B has a loss-of-function intolerance (pLl) score of 0.98, a
loss-of-function observed/expected upper bound fraction (LOEUF)
score of 0.29, and a probability of haploinsufficiency (pHaplo) score of
0.94 (Collins et al., 2022; Lek et al., 2016). However, Scott et al. noted
that there were multiple individuals carrying heterozygous high confi-
dence loss-of-function variants and missense variants with high
CADD scores affecting BAZ2B cataloged in the Genome Aggregation
Database version 2.1.1 (gnomAD v2.1.1) (Karczewski et al., 2020;
Scott et al., 2020). Since subjects in this database were not assessed
for neurodevelopmental phenotypes, they hypothesized that these
individuals might be mildly affected or that BAZ2B haploinsufficiency
may be incompletely penetrant.

Based on the results reported by Scott et al. (2020), BAZ2B has
been added to some commercially available neurodevelopmental and
autism gene panels. However, the relative paucity of reported

affected individuals, and the prevalence of putatively damaging
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BAZ2B variants in control databases, suggests the need to confirm
that BAZ2B is a bona fide human disease gene whose haploinsuffi-
ciency is associated with neurodevelopmental and other phenotypes.
Here, we describe 10 additional unrelated individuals, 6 males and
4 females, with putatively deleterious heterozygous BAZ2B variants.
Molecular and clinical data from this cohort, and previously reported
individuals, provide evidence that haploinsufficiency of BAZ2B causes
an autosomal dominant neurodevelopmental syndrome with incom-
plete penetrance whose primary features include DD, ID, ASD, speech
delay with some individuals being non-verbal, behavioral abnormali-
ties, seizures, vision-related issues, congenital heart defects, poor fetal
growth, and an indistinct pattern of dysmorphic features in which epi-
canthal folds and small ears are particularly common.

2 | MATERIALS AND METHODS

2.1 | Editorial policies and ethical considerations
Subjects were identified through personal communications, through
GeneMatcher (Subjects 51, S2, and $S4-59), and through the DECIPHER
database (Subjects S3 = DECIPHER 391176 and S10 = DECPHER
503075) (Firth et al., 2009; Sobreira et al., 2015). Research consent was
obtained for each subject using protocols approved by resident institu-
tional review boards or coded/anonymized data is being presented as
authorized by the institutional review board of Baylor College of Medi-
cine (protocol H-47546).

In the case of subjects identified through the DECIPHER data-
base, contact was made with each of the submitting centers who then
approved the publication of their patient's clinical and molecular data.

All research was conducted in accordance with the ethical stan-
dards of Baylor College of Medicine's committee on human research

and international standards.

2.2 | CNV and sequence variant analyses

CNVs and sequence variants were identified using chromosome ana-
lyses or exome/genome sequencing studies performed in CLIA- or
ISO 15189-certified laboratories.

Throughout the manuscript, all CNV data are reported based on
hg19, and all BAZ2B sequence variants are reported based on BAZ2B
transcript variant 1 (NM_013450.4). Sequence variants were classified
as pathogenic, likely pathogenic, or variants of unknown significance
(VUS) according to ACMG 2015 guidelines (Richards et al., 2015).

3 | RESULTS

Here, we describe 10 individuals who carry CNVs (n = 3) or putatively
deleterious stop-gain, frameshift, missense, splice junction, start-loss,
and indel variants (n = 7) in BAZ2B. Molecular and clinical data from

this cohort is summarized below, in Table 1, and in Figures 1 and 2.
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FIGURE 1 Photographs of
individuals with putatively
deleterious variants in BAZ2B. (a-
c) Photographs of Subject S4 at

6 years of age. She has small ears
with folded over superior helices
(Lidding deformity), an
underdeveloped and depressed
nasal bridge, hypoplastic midface,
hypertelorism, epicanthal folds,
blepharophimosis,
microphthalmia, strabismus, a
small philtrum, and a tented
upper lip. (d, ) Photographs of
Subject S10. He has a broad
forehead and a pointed chin.

FIGURE 2 Copy number and (a)
sequence variants affecting BAZ2B.

(a) Schematic showing the relative }
locations of the deletions found in $1
Subject S1-S3 in relation to BAZ2B and
surrounding genes on chromosome
2q24.2. (b) Schematic representation of
the predicted protein changes associated
with the BAZ2B variants identified in
Subject $4-510 (red) and previously

reported variants (black) in relation to (b)
various BAZ2B protein domains.

Figure was adapted from Scott

et al. (2020).

D Ser-rich
D Poly-Glu
] AspiGlu-rich
D Arg-rich
Lys-rich
Asp-rich

The CNVs and BAZ2B sequence variants identified in these individuals
arose de novo in five cases and were inherited from mildly affected or

asymptomatic parents in two cases (S3 and S5). The inheritance

160,0q0,000 160,25|0,000 160,5?0,000 160,7?0,000 161,0q0,000
S2
S3 I
Baz2s 4 cp302
<@ wpsuB1 MARCHF7 B> mm PLA2R1

) TANC1 Ly75 <mmm ITGB6 <mmm
Protein Domains Amiml) acid rositi(}n i i i i i T T |
° MBR . PDT 400 800 1200 1600 2000 2168
' Bromo p.(M1?) S9
’ Zinc Finger p.(S81%)

p.(R117%)

Compositionally p.(R210*)X2
Biased Regions p(H479TfS*6) sS4

p.(S703Lfs*9) S5 p.(N2041Kfs*5)
¢.3075+3_3075+6del S8

p.(L718F) S7
p.(C709Y)X2
p.(S637_D642del) S10
p.(D625V)

p.(E1679V)

patterns of the other three variants could not be determined because
one individual was adopted (52) and DNA was available from only one

parent for two individuals (S6 and S10).
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To determine the features most commonly associated with loss
of BAZ2B function, we summarized the phenotypes seen in our
cohort and fully phenotyped individuals previously reported by Scott
et al. (Table S1). The phenotypes most commonly described in these
individuals included neurodevelopmental phenotypes (16/16, 100%),
CNS anomalies revealed by brain MRI (4/10, 40%), vision problems
(11/16, 69%), congenital heart defects (3/16, 19%), gastrointestinal
issues (4/16, 25%), abnormalities of the male genitalia (2/11, 18%),
musculoskeletal problems (9/16, 56%), and growth-related pheno-
types (6/16, 38%). A variety of dysmorphic features were also docu-
mented among individuals, but a clinically recognizable pattern was
not apparent.

3.1 | Patientreports

3.1.1 | SubjectS1

Subject S1 is a 5-year-old white female who carries a de novo
1.23 Mb deletion (chr2: 159,844,069-161,073,462; hgl9) that
includes BAZ2B and seven other protein coding genes TANCI,
WDSUB1, MARCHF7, CD302, LY75, PLA2R1, ITGBé. All of these other
genes, with the exception of MARCHF7, have pLl scores of O in gno-
mAD v2.1.1, making their deletion unlikely to be causative
(Karczewski et al., 2020; Lek et al., 2016). MARCHF7 (pLI = 0.66), has
not been associated with a human disease. Marchf7 '~ mice are viable
and fertile but have agenesis of the corpus callosum and degeneration
of substantia gelatinosa lamina Il axons in adulthood (Metcalfe
et al., 2005). Hence, we cannot rule out the possibility that haploinsuf-
ficiency of MARCHF7 is contributing to S1's phenotypes. No addi-
tional genetic testing beyond chromosomal microarray analysis with
FISH confirmation was obtained.

There were no known complications during pregnancy. However,
she was small for gestational age. She was subsequently diagnosed
with developmental delay and autism spectrum disorder. She began
walking at 24 months of age and spoke her first words at 3 years of
age. Currently, she can only speak in short sentences. She is
hyperactive.

At 3 years and 10 months of age, her weight and height were in
the normal range, but she had relative microcephaly. Her brain MRI

and neurological exam were normal.

3.1.2 | SubjectS2

Subject S2 is a 6-year-old male who carries a 127 kb partial deletion
(chr2:160,229,645-160,357,102; hg19) of BAZ2B detected by chro-
mosomal microarray analysis. This deletion encompasses exons 3-27.
No additional genetic testing was obtained. He was adopted at a
young age and his ethnic origins are unknown. The pregnancy was
complicated by late prenatal care and maternal use of alcohol, mari-

juana, and methamphetamine. A prenatal ultrasound revealed the

presence of an atrioventricular canal defect. He was born at 39 weeks
gestation.

Over time he was found to have developmental delay, a mild form
of intellectual disability, and autism spectrum disorder. His current
language ability is limited to 500 words and 3-word phrases. Behav-
ioral abnormalities include boundary issues, affinity for rigid routines,
an apparent lack of empathy, being a picky eater, and sleeping poorly
despite the use of melatonin. Ophthalmologic evaluations revealed
pseudostrabismus verses intermittent accommodative esotropia of
the left eye, mild myopia of the right eye, mild hyperopia of the left
eye, and moderate bilateral astigmatism.

His most recent physical examination was at 6 years of age. His
weight was 21.5 kg (61st centile, +0.27 SD) and his height was
111 cm (20th centile, —0.83 SD). His neurological exam was normal.
Notable dysmorphic features include a mildly high bitemporal hairline,

hypoplastic nipples, and mild 5th finger clinodactyly.

3.1.3 | Subject S3 (DECIPHER 391176)

Subject S3 is an 8-year, 3-month-old white male who carries a 217 kb
partial deletion (chr2:160,294,883-160,511,552; hg19) of BAZ2B that
encompasses exons 1-7, and part of exon 8. This deletion was identi-
fied by array comparative genomic hybridization and confirmed by
PCR. He inherited this deletion from his father who has a mild learn-
ing disability but is otherwise asymptomatic and has a normal head
circumference. His family history is also significant for a maternal
uncle with intellectual disability who is unavailable for genetic testing.
A Laboratory of Gent University, Belgium Intellectual Disability and
Epilepsy Panel revealed that Subject S3 also carries a maternally
inherited ¢.2179C>T, p.(Arg727Trp) [NM_004606.4] variant of
unknown significance in TAF1. Pathogenic TAF1 variants are associ-
ated with intellectual developmental disorder, X-linked syndromic
33 (MIM# 300966). The cardinal phenotypes of this neurodevelop-
mental syndrome include dysmorphic features not documented in
Subject S3.

There were no pregnancy complications, but he was born prema-
turely at 35 weeks gestation. His Apgar scores were 10 and 10. At
birth, he weighed 2.41 kg (10th centile, —1.27 SD), had a length of
46 cm (15th centile, —1.03 SD), and an OFC of 32.5 cm (20th centile,
—0.83 SD). He was later diagnosed with developmental delay, expres-
sive language delay, and moderate intellectual disability. He sat at
8 months of age, walked at 16 months of age, knew 50 words
at 32 months of age, and currently speaks in simple sentences. He has
bilateral tonic-clonic seizures. A brain MRI was normal. Other medical
problems included poor feeding, unilateral strabismus, hypermetropia,
and xerosis.

At 8 years, 3 months of age his height was 117.5 cm (7th centile,
—1.5 SD), his weight was 17.9 kg (1st centile, —2.5 SD), his head cir-
cumference was 49 cm (< 1st centile, —3 SD), and he had a BMI of
13.1 (1st centile, —2.5 SD). On exam, he was noted to have arachno-

dactyly. His neurologic exam was normal.
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3.14 | SubjectS4
Subject S4 is a 6-year-old white female who carries a de novo
c.1435del, p.(His479Thrfs*6) frameshift variant in BAZ2B identified on
a GeneDx Autism/IDXpanded trio panel. No other variants of interest
were reported. Previous genetic testing had included a normal chro-
mosome analysis and a normal chromosomal microarray analysis. She
was born at 37 weeks gestation. At birth, she weighed 1.673 kg (<1st
centile, —2.99 SD) and had a length of 43.18 cm (4th centile, —1.75
SD). The pregnancy was complicated by blood pressure concerns due
to maternal influenza. After birth she was admitted to the NICU
due to poor feeding and poor weight gain and remained there for
1 month. Other neonatal findings included congenital heart defects—a
patent foramen ovale, patent ductus arteriosus, and a bicuspid aortic
valve—microcephaly, and a high arched palate. Shortly after being dis-
charged from the hospital, she returned to the NICU due to influenza.

S4 was ultimately diagnosed with global developmental delay and
cerebral visual impairment. She was able to sit at 7 months of age but
did not walk until she was 4 years old. Notably, she was able to say a
few words including “mama” and “dada” but lost this skill at 12-
18 months of age and is currently nonverbal. She has not been for-
mally evaluated for autism. A brain MRI was normal, but she was
noted to have C2 subluxation and instability. Other issues include
dairy intolerance and constipation.

At approximately 4 years, 6 months of age, she had a height of
98 cm (8th centile), weight of 14 kg (6th centile, —1.55 SD), and a
head circumference of 45.8 cm (<1st centile, —2.7 SD). She was noted
to have small ears with folded over superior helices (Lidding defor-
mity), an underdeveloped and depressed nasal bridge, hypoplastic
midface, hypertelorism, epicanthal folds, blepharophimosis, micro-
phthalmia, high myopia, strabismus, photophobia requiring her to
wear tinted glasses, a small philtrum, a tented upper lip, and persistent
fetal finger pads. A neurological exam revealed that she was hyper-
tonic in her lower extremities, making extension difficult. Other nota-
ble characteristics include hand-to-mouth behavior, long toes, and
hypopigmented skin consistent with vitiligo around her eyes, mouth,
elbows, and knees.

3.1.5 | SubjectS5

Subject S5 is a 14-year, 4-month-old white male who carries a
¢.2105dup, p.(Ser703Leufs*9) frameshift variant in BAZ2B. This variant
was inherited from his asymptomatic mother. The family history is neg-
ative for other individuals with neurodevelopmental issues, and no seg-
regation studies were undertaken in family members beyond his
parents. He is also hemizygous for a 231 kb de novo deletion of Xq28
(chrX:154,290,107-154,321,772; hgl9) that involves MTCP1
(pLI = 0.45), CMC4 (pLI = 0.16), and BRCC3 (pLI = 0.01). X chromo-
some deletions involving MTCP1 and BRCC3 have been implicated in
the development of an X-linked syndrome characterized by moyamoya
angiopathy, short stature, and facial dysmorphisms including and a long

philtrum (Miskinyte et al., 2011). Hypergonadotropic hypogonadism,

hypertension, dilated cardiomyopathy, premature coronary heart dis-
ease, premature hair graying, and early bilateral acquired cataracts have
also been documented among affected individuals.

S5 was born at 38 weeks gestation with a birth length of 52 cm
(88th centile, 1.2 SD), weight of 3.76 kg (90th centile, 1.3 SD), and
head circumference of 36 cm (92nd centile, 1.4 SD). His Apgar scores
were 10 and 10. He was later diagnosed with congenital muscular tor-
ticollis and plagiocephaly. He began walking at 18 months of age. He
had recurrent ear infections with serous otitis media that were treated
with an adenoidectomy and pressure equalization tubes at 1 year of
age and tonsillectomy at age 3. He was followed for strabismus and
hyperopia.

He has been diagnosed with learning disabilities and speech
delay. His current language abilities are considered normal, and a
speech and language assessment revealed appropriate vocabulary,
good language and writing skills, and good auditory verbal memory. A
brain MRI, echocardiogram, and abdominal ultrasound were normal.

At 13 years, 1 month of age, he had a height of 147 cm (14th
centile, —1.1 SD) a weight of 41 kg (27th centile, —0.6 SD), and a head
circumference of 57.6 cm (99th centile, +2.3 SD). Other notable fea-
tures include epicanthal folds, arched eyebrows, high arched palate,
small low-set ears, a bulbous nose tip, thick lips, down-turned corners
of mouth, and excess hair on the upper and lower limbs that has been
present since childhood.

3.1.6 | SubjectSé

Subject Sé is a 16-year-old white female who carries a non-maternal
c.502G>A, p.(Gly166Ser) BAZ2B variant identified on a Prevention
Genetics Comprehensive Developmental Disorders Panel. Targeted
RNA studies performed by Labcorp MNG Laboratories revealed three
aberrations associated with the presence of the c.496G>A variant; 1)
inclusion of intron 5 with the c.496G>A variant located at the last
nucleotide of exon 5 (less than 10% of transcripts), 2) skipping of
exons 4 and 5 with the junction extending from the splice donor site
of exon 3 to the acceptor splice site of exon 6 (noted in tissue-
matched controls but at a smaller proportion), and 3) skipping of
exons 4 and 5 with the junction extending from a novel aberrant
donor splice junction within intron 3 (utilizing GT sequence at
chr2:161,172,318-61,172,319; hgl19) to the acceptor splice site of
exon 6. These abnormal transcripts comprised approximately 50%
of reads suggesting that the c.496G>A variant disrupts the adjacent
canonical donor splice site and that the majority of the reads associ-
ated with this allele are abnormally spliced. The overall expression of
BAZ2B was comparable with tissue-matched controls.

S6 was also found to be a carrier of a maternally inherited hetero-
zygous ¢.1730dup, p.(Leu578Thrfs*35) likely pathogenic variant in
PIGT. This variant has been reported in the compound heterozygous
state in multiple individuals with autosomal recessive PIGT-related
multiple congenital anomalies-hypotonia-seizures syndrome, but a
second variant was not identified. A chromosomal microarray analysis

was normal.
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The pregnancy was complicated by intrauterine growth restric-
tion. She was born at 36 weeks gestation with a weight of 1.8 kg (3rd
centile, —1.96 SD), resulting in a 2-week NICU stay. She was subse-
quently diagnosed with developmental delay and intellectual disabil-
ity. She began sitting at 2 years of age, walking at 2.5 years of age,
and speaking at 3 years of age. Currently, she can speak in sentences.

She started experiencing seizures before 1 year of age. She has
been seizure free for 2 years on medication. A brain MRI revealed
enlargement of the lateral and third ventricles, central white matter
volume loss, mild cerebellar volume loss without abnormal cerebellar
signal, a corpus callosum that was abnormally narrow in caliber with
poor development of the splenium and rostrum, and gray matter het-
erotopias with multiple nodules bordering the occipital horns, right
greater than left, and additional nodules in the left frontal horn. There
were also small foci of increased signal intensity within the subcortical
white matter of both hemispheres with a frontal lobe predominance.
These foci were thought to most likely represent small areas of gliosis.

She has behavioral issues including aggression and irritability. She
also had hyperphagia while on antipsychotic medication for behavioral
management. Other medical problems include dental caries, hypothy-
roidism, diarrhea, and occasional rashes.

Her most recent clinic visit was at 17 years, 4 months of age. She
had a height of 153 cm (5th centile, —1.51 SD), a weight of 62.5 kg
(76th centile, 0.72 SD), and a head circumference of 49.5 cm (<1st
centile, —4.5 SD). At the time, she was noted to have hypotonia, lor-
dotic posture, a wide-based gait, hypotelorism, a bulbous nasal tip,
and a short philtrum.

3.1.7 | SubjectS7

Subject S7 is a 6-year, 10-month-old female who carries a de novo
c.2152C>T, p.(Leu718Phe) BAZ2B variant. A mitochondria DNA
genome, mitochondria DNA depletion studies on muscle, an ataxia
repeat expansion panel, and fragile X testing were normal. There were
no complications in pregnancy. Her mother used escitalopram which
is considered safe during pregnancy.

She began sitting at 5 months of age, walked at 21 months of
age, and spoke her first words at 18 months of age. Her current lan-
guage abilities are on par for her age. She has been diagnosed with
developmental delay and had gastroesophageal reflux disease in
infancy. Other medical problems include congenital cataracts, a patent
ductus arteriosus, obstructive hydrocephalus status post third ventri-
culostomy, ataxia of upper limbs with frank dysmetria but no dysar-
thria, action and postural tremors, balance issues, hypermobility, and
motor weakness. She has developed multiple café au lait spots and a
fibrous histiocytoma on the leg. At 2 years, 9 months of age she
developed acute immune thrombocytopenia with bone marrow cellu-
larity more than 90% that is now resolved. She has a history of astasia
abasia and fear of falling. She was prescribed low dose propranolol
starting at 5 years, 3 months of age which has resulted in improve-

ment in her tremors, balance, and astasia abasia. She has a friendly
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predisposition, rigidity of thinking, and obsessive-compulsive symp-
toms. She has recently developed hyperacusis and misophonia.

A brain MRI obtained at 1 year, 7 months of age revealed macro-
cephaly, ventriculomegaly, dilation of all 4 ventricles, and paucity of
the cerebral white matter. A repeat surveillance brain MRI at 6 years
of age showed stable ventriculomegaly. Muscle biopsy with routine
histopathology at 3.5 years of age years was essentially within normal
limits. Muscle respiratory chain enzyme analysis showed only evi-
dence of a loss of complex IV activity with a low ratio of 0.011 (nor-
mal = 0.013-0.039). Electromyography and nerve conduction
velocity studies were normal. A prolonged video EEG at 3 years of
age showed no specific diagnostic features.

Her most recent examination was at 6 years, 3 months of age.
She had a height of 116.5 cm (25th centile, —6.7 SD), weighed of
22 kg (48th centile, —0.04 SD), had an occipitofrontal circumference
of 63 cm (>99th centile, 7.18 SD), and a BMI of 16.2 (64th centile,
0.42 SD). A neurological examination revealed improved postural
tremor and hyperreflexia of the lower limbs with three to four beats
of clonus on the left and two beats on the right. She has low-set ears,

epicanthal folds, short hands, pes planus, and café au lait macules.

3.1.8 | Subject S8

Subject S8 is a 9-year, 2-month-old South Asian male who carries a de
novo ¢.3075+3_3075+6del, p.(?) BAZ2B variant identified on a Gen-
eDx Autism/IDXpanded trio panel. No additional variants of interest
were reported. Fragile X testing was normal, and a chromosomal
microarray analysis revealed a heterozygous Xq28/Yql2 deletion
(chrX:154,941,868-155,233,781; chrY:59,044,874-59,336,737; hg19)
of unknown significance.

S8 was born prematurely and was small for gestational age. The
pregnancy was complicated by early twin loss. He was ultimately diag-
nosed with language, social, and cognitive delays, mild intellectual dis-
ability, and autism spectrum disorder. No motor delays were
apparent. He is in special education classes. He has repetitive behav-
iors and requires significant support to accomplish daily activities.

At his most recent physical examination, his height and weight
were normal. He was also noted to have flat eyebrows, small ears, and

long slender fingers.

3.1.9 | SubjectS9

Subject S9 is a 7-year-old male who carries a de novo c.2T>C, p.
(Met1?) BAZ2B variant. He is also hemizygous for a maternally inher-
ited c.489T>G, p.(Asn163Lys) variant of unknown significance in
PHKA1, a gene associated with X-linked recessive muscle glycogeno-
sis (MIM# 300559). He also carries a maternally inherited ¢.1486C>T,
p.(Argd96*) variant in RBBP8, the gene associated with autosomal
recessive Jawad syndrome and Seckel syndrome 2 (MIM# 606744).

Information about his pregnancy and birth is unavailable.
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S9 has been diagnosed with developmental delay, particularly
affecting his speech, gross motor delay due to severe axial hypotonia
which has improved over time, and behavioral abnormalities. Although
not formally tested, his intelligence likely lies within the low normal to
mild intellectual disability range. He is suspected of having autism
spectrum disorder but has not received a formal diagnosis. A brain
MRI revealed an elongated and slightly dilated superior cerebellar
artery on the left side, which could indicate a vascular abnormality
at the level of the mesencephalon. His other medical conditions
include improving vertical gaze palsy and Marcus Gunn jaw winking

synkinesis.

3.1.10 | Subject S10 (DECIPHER 503075)

Subject S10 is a 4-year, 6-month-old male who carries a
€.1910_1927del, p.(Ser637_Aspé42del) BAZ2B variant that was not
inherited from his mother. Pregnancy was complicated by preeclamp-
sia. No other putatively damaging variants were identified by exome
sequencing or chromosome microarray analysis. He was born via
emergency Caesarean section at 37 3/7 weeks. Apgar scores were
3, 5, and 9. He weighed 2.91 kg (39th centile, —0.25 SD). Although
gross motor development was normal and he said his first words at
1 year of age, he stopped talking at 2 years of age, and currently only
uses seven words. He was noted to have autistic behavior and a diag-
nosis of autism spectrum disorder was suspected but has not been
confirmed. Additional diagnoses include chronic otitis media requiring
the placement of pressure equalization tubes, and gastroenteritis. His
heart was found to be structurally normal. Currently, his height is
104.2 cm (35th centile, —0.38 SD) and his weight is 16 kg (24th cen-
tile, —0.73 SD). Other dysmorphic features noted on physical exami-
nation include a broad forehead, a pointed chin, and mildly

hypoplastic 5th fingernails.

4 | DISCUSSION

Haploinsufficiency of many human disease genes is associated with a
wide phenotypic spectrum (Chowdhury et al, 2021; Muroya
et al., 2001). This is likely due, at least in part, to variability in the func-
tion of the “unaffected” allele or to the effects of modifying loci
whose identities are often unknown. The association of haploinsuffi-
ciency with seemingly disparate low-penetrance phenotypes may ulti-
mately be confirmed though statistical analyses performed on large
numbers of affected individuals or in animal models (Beck et al., 2013;
Hardcastle et al., 2022; Jordan, Fregeau, et al., 2018; Scott
et al., 2021). Alternatively, unusual phenotypic presentations may be
due to mutational modes of action other than haploinsufficiency that
manifest themselves in specific phenotype/genotype correlations
(Jordan, Beck, et al., 2018). Hence, there can be great value in report-
ing the detailed phenotypic descriptions of individuals who are hap-
loinsufficient for genes that may play a role in human disease.
Including Subjects S1-S10, detailed phenotypic descriptions have
been reported for 16 individuals with putatively deleterious BAZ2B

variants (Scott et al., 2020). Based on their common symptoms, we
assume that these variants are associated with a loss of BAZ2B func-
tion, although other deleterious effects cannot be excluded. The most
common phenotypes—seen in all 16 of these individuals (100%)—are
neurodevelopmental. This data corroborates previous findings sug-
gesting that developmental delay, intellectual disability, and/or autism
spectrum disorder are recurrent phenotypes associated with BAZ2B
haploinsufficiency (Scott et al., 2020).

Across all 16 individuals, developmental delay was identified in
13 (81%), intellectual disability in 7 (44%), autism spectrum disorder or
suspected autism in 10 (63%), and speech delay or mixed receptive-
expressive language disorder in 10 (63%). Of the 10 patients reported
with speech delay, two were non-verbal (20%). Behavioral issues were
also identified in five individuals (31%). Seizures were reported in two
subjects (13%). Brain MRIs were performed for 10 individuals and
were normal in six cases (60%). No clear pattern of brain anomalies
was observed in the four brain MRIs (40%) in which an abnormality
was identified.

Vision-related issues were identified in 11 individuals (69%) with
strabismus being the most common (31%). This high frequency under-
scores the importance of ophthalmologic screening in individuals with
BAZ2B haploinsufficiency.

Congenital heart defects were not described in the six cases
reported by Scott et al. but were reported in three individuals in our
cohort (3/16, 19%) (Scott et al., 2020). These included atrioventricular
canal defect in Subject S2, bicuspid aortic valve and patent foramen
ovale (PFO) in Subject S4, and patent ductus arteriosus (PDA) in Sub-
jects S4 and S7.

No discernable pattern of dysmorphic features was evident
among individuals. However, the most common dysmorphic features
described were epicanthal folds (38%) and small ears (25%). Intrauter-
ine growth restriction and/or being small for gestational age was
documented in five individuals (31%).

Among the BAZ2B variants identified in this cohort, the inheri-
tance pattern could not be determined in three cases due to an inabil-
ity to obtain one or both parental samples. In the seven cases for
which the inheritance pattern could be defined, five arose de novo,
and two were inherited, one from a father with a mild learning
disability, and one from an asymptomatic mother (Table 1). Scott et al.
previously hypothesized that some individuals carrying heterozygous
loss-of-function variants in BAZ2B would be mildly affected or asymp-
tomatic based on the presence of multiple individuals in the gnomAD
v2.1.1 database who carried BAZ2B loss-of-function variants
(Karczewski et al., 2020; Scott et al., 2020). Our data supports this
hypothesis.

Molecular and clinic data from our cohort, and that of individuals
previously reported in the literature, suggest that BAZ2B haploinsuffi-
ciency causes an autosomal dominant neurodevelopmental syndrome
that is incompletely penetrant. Phenotypes recurrently associated
with heterozygous loss-of-function BAZ2B variants include DD, ID,
ASD, speech delay with some individuals being non-verbal, behavioral
abnormalities, seizures, vision-related issues, congenital heart defects,
poor fetal growth, and an indistinct pattern of dysmorphic features in
which epicanthal folds and small ears are particularly common.
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