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Purpose: Wolf–Hirschhorn syndrome (WHS) is a genomic
disorder with a recognizable dysmorphology profile caused by
hemizygosity at 4p16.3. Previous attempts have failed to map the
minimal critical locus to a single gene, leaving open the possibility
that the core phenotypic components of the syndrome are caused
by the combined haploinsufficiency of multiple genes.

Methods: Clinical exome sequencing and “reverse” phenotyping.

Results: We identified two patients with de novo truncating
variants in WHSC1, which maps to the WHS critical locus. The
phenotype of these two individuals is consistent with WHS, which
suggests that haploinsufficiency of WHSC1 is sufficient to
recapitulate the core phenotype (characteristic facies, and growth

and developmental delay) of this classic microdeletion syndrome.

Conclusion: Our study expands the list of microdeletion
syndromes that are solved at the single-gene level, and establishes
WHSC1 as a disease gene in humans. Given the severe nature of the
reported variants, the full phenotypic expression of WHSC1 may be
further expanded by future reports of milder variants.
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INTRODUCTION
In 1965 a novel multiple congenital anomalies/mental
retardation (MCA/MR) syndrome caused by partial 4p
deletion was described.1 Wolf–Hirschhorn syndrome (WHS)
(OMIM 194190) is now a well-recognized neurodevelop-
mental and craniofacial malformation syndrome caused by
variably sized deletions of chromosomal region 4p16.3. The
core WHS phenotype is defined by a typical craniofacial
appearance, growth delay, mild-to-profound developmental
delay, and seizures (or EEG anomalies).2 Characteristic
craniofacial features include microcephaly, prominent gla-
bella, widely spaced and prominent eyes, a “Greek warrior
helmet appearance” of the nose, a broad nasal tip, a short
philtrum, and downturned corners of the mouth. The
frequency of WHS is estimated to be 1 in 50,000 to 1 in
20,000 births, and is more frequent in females than in males
(2:1).2,3

As with many microdeletion syndromes, early studies to
narrow the WHS critical region (WHSCR) relied on
karyotypic deletion mapping, which successfully linked
the core phenotype to a 165-kb locus on 4p16.3.4

WHSCR contained two genes and these were referred

to as WHS candidate gene 1 (WHSC1, contained only
partly within WHSCR) and WHS candidate gene 2 (WHSC2,
entirely contained within WHSCR). A recent study employing
high-resolution molecular karyotyping (microarrays) nar-
rowed WHSCR further to 109 kb that spans, in addition
to WHSC1, two other genes, and the authors proposed
WHSC1 as the most compelling candidate.5 However,
because no patients with deletions of a single gene
were reported, it remains unknown whether WHSC is a
complex phenotype caused by haploinsufficiency of multiple
genes or a single-gene disease with potential phenotypic
modification caused by haploinsufficiency of the surrounding
genes.
In a recent large-scale sequencing study of nearly 1,000

Saudi families with various clinical indications, we encoun-
tered a likely deleterious WHSC1 variant in a child with
dysmorphic features, and growth and developmental delay.6

Here, we show upon careful review of the phenotype and
through parental testing that this child’s phenotype is
consistent with WHS and that the variant has arisen de novo.
In addition, we were able to identify another child with WHS
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phenotype who also has a different de novo truncating variant
in the same gene.

SUBJECTS AND METHODS
Both patients were evaluated on clinical basis. Clinical exome
sequencing and Sanger validation were performed as
described previously with proper informed consent.6 Addi-
tional consent to publish clinical photographs was also
obtained.

RESULTS
Patient 1: This 5-year-old girl, the only child of healthy
unrelated parents, was referred to Clinical Genetics for
evaluation of growth and developmental delay. Pregnancy
was notable for intrauterine growth retardation necessitating
induction of labor at 34 weeks of gestation (birth weight 1.5
kg) with subsequent admission to the neonatal intensive care
unit (NICU) for weight management. Floppiness and
developmental delay were noted in infancy. She only walked
after her second birthday and spoke her first sentences at age
5 years. Growth delay persisted (current weight is 15.5 kg
[−2.4 SD], height 97.5 cm [−2.8 SD] and OFC (occipitofron-
tal circumference) 47.5 cm [−2SD]), and she developed
multiple aspiration pneumonia episodes. There was no history
of seizures. Details of her physical examination are shown in
Table 1 and Fig. 1. Abdominal ultrasound and skeletal survey
were normal. Molecular karyotyping was normal. Clinical
exome sequencing (WES) revealed the following variant in
WHSC1 as the likely cause: NM_001042424:c.2518+1G>A,
which was confirmed to be de novo (Fig. 1).
Patient 2: A 34-month-old boy with developmental and

growth delay. He is the second child in a family of healthy
consanguineous parents. His pregnancy was complicated by
intrauterine growth retardation. He was born naturally at
term with a birth weight of 2.3 kg. He was initially evaluated
for growth and global developmental delay and was found to
have hearing loss necessitating cochlear implant. Growth
delay was progressive: at age 8 months, his weight was 6 kg
(−3.8 SD), length 66 cm (−2 SD) and OFC 44 cm (28th
centile), while at age 2 years, his weight was 8.8 kg (−4.1 SD),
length 78 cm (−3.6 SD), and OFC 45.5 cm (−2 SD).
Currently, he just started to pull to standing, he can use a
spoon clumsily to eat, has stranger anxiety, only plays with his
older brother, only understands basic commands, and has a
limited single-word vocabulary of 10 simple words. Details of
his physical examination are shown in Table 1 and Fig. 1.
Brain magnetic resonance image (MRI), skeletal survey, and
abdominal ultrasound were normal. Molecular karyotyping
was normal. Clinical WES revealed the following variant in
WHSC1 as the likely cause: NM_001042424:c.2803C>T:p.
(R935*), which was confirmed to be de novo (Fig. 1). It also
revealed a homozygous loss of function variant in MYO7A
(NM_000260:exon17:c.2005C>T:p.(R669*)) as a likely expla-
nation of deafness.

Table 1 Comparison of the phenotype observed in the two
study patients with WHS

Patient 1

(NM_001042424:

exon13:c.2518

+1G>A)

Patient 2

(NM_001042424:

exon15:c.2803C>T:p.

(R935*))

Features exceeding 75% in frequency 3

Wide bridge of the

nose continuing to

the forehead

Yes Yes (mild)

Highly arched

eyebrows

Yes (mild) No

Widely spaced eyes Yes (mild, apparent) No

Microcephaly Yes Yes

Distinct mouth Yes Yes

Short philtrum Yes Yes

Micrognathia Yes Yes (mild)

IUGR/postnatal

growth deficiency

Yes Yes

Intellectual disability Yes Yes

Hypotonia Yes Yes

Muscle hypotrophy No No

Seizures No No

Feeding difficulties Yes Yes

Abnormal ears Yes Yes

Features with 50–75% frequency

Distinctive EEG

abnormalities

? ?

Skeletal anomalies No No

Skin changes No No

Craniofacial

asymmetry

Yes (mild) Yes

Abnormal teething Yes Yes

Ptosis No No

Antibody deficiency ? ?

Features with 25–50% frequency

Heart defects No No

Hearing defects No Yes

Eye/optic nerve

defects

No No

Cleft/lip palate No No

Stereotypies No No

Structural brain

anomalies

No No

Genitourinary tract

defects

No No

Features with less than 25% frequency

Liver/gallbladder/

gut/diaphragm/

No No

esophagus/lung/

aorta anomalies

No No

EEG electroencephalogram, IUGR intrauterine growth restriction, WHS
Wolf–Hirschhorn syndrome
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DISCUSSION
Microdeletion syndromes are genomic disorders in which the
phenotype-related deletions, typically too small for detection
by karyotype, span more than one gene. They usually arise de
novo and tend to have recurrent breakpoints due to the
presence of flanking low-copy repeat gene clusters that
predispose to genomic instability. Classical microdeletion
syndromes include, amongst others, Angelman syndrome
(15q11.2-q13), Prader–Willi syndrome (15q11.2-q13),
Williams–Beuren syndrome (7q11.23), Smith–Magenis
(17p11.2), velocardiofacial/DiGeorge syndrome (22q11.2),
and WHS (4p16.3). Mapping of overlapping but distinct
microdeletions has led to the delineation of critical intervals,
and in some cases, to the discovery of a single causative gene.
More recently, large scale WES has revealed deleterious
variants in single genes that appear to recapitulate the
phenotype of microdeletion syndromes, e.g., SETD5 and
3p25 microdeletion,7 WDR26 and 1q41q42 microdeletion,8

PUF60 and 8q24.3,9 and ANKRD11 and 16q24.3
microdeletion.10

Surprisingly, none of the previously published large-scale
WES in outbred populations have identified deleterious
variants in WHSC1, a gene previously linked to the critical
region of WHS, and yet our WES analysis of less than 1,000
families from the highly consanguineous population of Saudi

Arabia revealed two de novo variants in this gene.6 This may
represent a chance occurrence or, alternatively, a higher
propensity of our analytical pipeline to highlight likely
deleterious variants in genes that are highly intolerant to
haploinsufficiency in the human genome (WHSC1 has a pLI
of 1.00).
Wolf–Hirschhorn syndrome candidate 1 (WHSC1), also

known as multiple myeloma SET protein (MMSET) or
nuclear receptor-binding SET domain-protein 2 (NSD2), is
a SET domain histone methyltransferase, responsible for the
methylation of H3K36. Histone modification is increasingly
recognized as an important biological process in normal brain
development as evidenced by the growing list of dominant
and recessive intellectual disability genes that encode
components of histone modifications.11–13 Some of the more
commonly mutated histone modification genes in the context
of intellectual disability include KMT2D, KDM6A, KDM1A,
KMT2B, KMT2C, and KMT2A. The two variants we describe
predict truncation upstream of the SET domain, which is
necessary for the methylation of lysine-9 in the histone H3 N
terminus, although the exact consequence of the splicing
variant is harder to predict (Fig. 1).14

Prior to the advent of molecular karyotyping, only patients
with suspected WHS would undergo specific testing for
4p16.3 microdeletion using multiplex ligation-dependent
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Fig. 1 (a,b) Clinical photographs of patient 1 showing facial asymmetry, short philtrum, micrognathia, high forehead, prominent ears, downturned corners of
mouth, and micrognathia. (c,d) Clinical photographs of patient 2 as (c) a young infant and (d) currently showing milder facial features compared to patient 1,
including high forehead, broad nasal tip, and pointed chin. (e,f) Sequence chromatograms of the two de novo variants in WHSC1 with their locations indicated by
colored asterisks. (g) WHSC1 protein cartoon. Note the location of the two truncating variants (denoted by colored asterisks) upstream of the critical SET domain
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probe amplification (MLPA) or fluorescence in situ hybridi-
zation (FISH) leading to a clear bias in defining the core
phenotype of the syndrome, which is typically defined as the
classical dysmorphology profile, growth and developmental
delay, and epilepsy. Unbiased genomewide view of individuals
with various indications was made possible by molecular
karyotyping, which as expected, revealed a much wider
phenotypic spectrum than previously suspected. This is best
appreciated in the large series by Baylor Miraca Genetics
Laboratories, which reported 156 unrelated patients with
copy-number variants (CNVs) involving 4p16.3 from over
60,000 patients studied.15 CNVs were detected prenatally in 8
patients, while the remaining 148 patients were analyzed
postnatally. Among the postnatal patients, the primary
indications for the chromosomal microarray study were
developmental delay, dysmorphic features, multiple congeni-
tal anomalies, and seizures. Although detailed descriptions of
the patient phenotype were not provided, it was clear that
most patients were not suspected clinically to have WHS,
which suggests that their phenotype may not have been
typical.15

We argue that the two patients we report in this study have
WHS caused by their de novo truncating variants in WHSC1.
Given the very small number of our cohort, it is premature to
conclude that lack of seizures necessarily indicates that
WHSC1-related WHS phenotype is incomplete and that
epilepsy is caused by other genes as suggested by others,16

especially because not all patients with classical 4p16.3
deletion have epilepsy.2 We also note that we lack EEG on
the two patients so we cannot rule out subclinical epilepsy.
Our finding that WHSC1 heterozygous loss of function
recapitulates WHS makes it now possible to observe the full
phenotypic spectrum of WHSC1-related phenotypes espe-
cially in the context of less severe variants, which may not
necessarily be de novo in nature if the resulting phenotype is
mild.
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