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Abstract

Background: Rauch-Steindl syndrome (RAUST) is a very rare genetic syndrome
caused by a pathogenic variant in NSD2 on chromosome 4p16.3. Although NSD2
was previously thought to be the major gene in Wolf-Hirschhorn syndrome
(WHS), a contiguous gene syndrome of chromosome 4p16.3 deletion, RAUST
has been found to present different facial and clinical features from WHS. In this
study, we report the details of two newly diagnosed individuals with RAUST in
order to better understand the molecular and clinical features of RAUST.
Methods: Whole-genome sequencing was performed on two individuals with
psychomotor delay and growth failure. Detailed clinical evaluation of growth
parameters, craniofacial features, electroencephalogram (EEG), magnetic reso-
nance imaging of the brain, and developmental assessment were performed.
Results: Both individuals had de novo truncating variants in NSD2. One had
a novel variant (c.2470C>T, p.Arg824*), and the other had a recurrent variant
(c.4028del, p.Pro1343GInfs*49). Both exhibited characteristic RAUST facial fea-
tures, growth failure, and mild psychomotor delay. A novel finding of RAUST
was seen in individual 2, a Chiari malformation type 1, and both showed delayed
bone age. They lacked common WHS features such as congenital heart defects,
cleft lip/palate, and seizures (EEG with abnormal findings).

Conclusion: We present a novel variant and clinical presentations of RAUST,
expand the molecular and clinical diversity of RAUST, and improve our under-
standing of this rare syndrome, which is distinct from WHS. Further researches
are needed on more RAUST cases and on functional analysis of NSD2.
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1 | INTRODUCTION pathogenic variant in NSD2 on chromosome 4p16.3
(Zanoni et al., 2021). NSD2 encodes a SET domain-
containing transcriptional regulatory protein with his-

tone methyltransferase activity that is associated with

Rauch-Steindl syndrome (RAUST) (MIM #619695) is
a very rare genetic syndrome caused by a heterozygous
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actively transcribed regions of the genome during em-
bryonic development. NSD2 is the principal enzyme
that demethylates histone H3 at lysine 36 (H3K36me2)
in most cells and tissues (Boczek et al., 2018; Zanoni
et al., 2021). NSD2, also called WHSCI (Wolf-
Hirschhorn syndrome candidate 1), has been consid-
ered important for the phenotype of Wolff-Hirschhorn
syndrome (WHS) (MIM #194190), a contiguous gene
deletion syndrome associated with a hemizygous dele-
tion of chromosome 4p16.3 (Battaglia et al., 2008, 2015).
RAUST is characterized by pre- and postnatal growth re-
tardation, sometimes accompanied by short stature and
microcephaly, dysmorphic facial features, and variable
degrees of delayed motor and speech acquisition, and
mildly impaired intellectual ability that can be mild.
Recently, several reports have been published regard-
ing individuals with loss-of-function variants in NSD2;
those clinical presentations were found to overlap only
partially with that of WHS. Moreover, they did not
share the ‘Greek warrior helmet’ facial features of WHS
(Barrie et al., 2019; Boczek et al., 2018; Derar et al., 2019;
Hu et al., 2020; Jiang et al., 2019; Lozier et al., 2018;
Zanoni et al., 2021). Although both RAUST and WHS
share growth failure and psychomotor delays, there are
some differences between the two syndromes. RAUST
presents with a milder phenotype than WHS, and charac-
teristic symptoms such as seizures, cleft palate, and heart
disease, commonly observed in WHS, are less frequent
in RAUST. Moreover, the facial features of individuals
with RAUST have been reported to have sufficient spec-
ificity to distinguish it as a distinct syndrome (Zanoni
et al., 2021). We presented the similarities and differ-
ences between RAUST and WHS in Table S1 (Battaglia
et al., 2008, 2015; Zanoni et al., 2021). Here, we present
the clinical details of two individuals of RAUST who had
de novo heterozygous pathogenic variants in NSD2.

2 | CASE REPORT

Individual 1, a 7-year-old boy, was the second child of a
healthy 42-year-old mother and a healthy 43-year-old
nonconsanguineous father with no family history about
psychomotor delay and growth failure. He was born via
normal vaginal delivery at 41 weeks and 3days of gesta-
tion after an uncomplicated pregnancy. His birth weight
was 2876g (—1.6 SD), his length was 47.2cm (—1.6 SD),
and his occipitofrontal circumference (OFC) was 35.0cm
(4+1.0 SD). He did not show respiratory or feeding difficul-
ties in the neonatal period but had feeding problems from
infancy. At the age of 1 year and 7 months, he was referred
to our clinic for a close examination of the genetic etiology
of growth failure and psychomotor delay.

Individual 2, a 5-year-old boy, was the first child of a
healthy 18-year-old mother and a healthy 19-year-old
nonconsanguineous father with no family history about
psychomotor delay and growth failure. He was delivered
by cesarean section at 36 weeks and 1day owing to umbil-
ical cord torsion. His birth weight was 1690g (—2.5 SD),
his length was 40.3cm (—2.3 SD), and OFC was 30.5cm
(—1.1 SD). He was referred to our clinic at the age of 1year
and 2months for investigation of the genetic etiology of
growth failure with psychomotor delay.

Individuals 1 and 2 showed relative macrocephaly, a
mild triangular face, broad forehead, high anterior hairline,
broad arched and laterally sparse eyebrows, full cheeks,
thin and elevated nasal bridge, smooth short philtrum,
prominent Cupid's bow, thick everted lower lip vermil-
ion, protruding ears, and clinodactyly (Table 1, Figure 1).
Individual 1 exhibited growth failure at age 1year and
7months with a SD of —2.5 SD for the height, —2.9 SD
for the weight, and —0.8 SD for the OFC. Thereafter, at
3years and 2months, the SD of the height was —3.2 SD,
that of the weight —2.2 SD, and that of the OFC —0.3 SD.
At Syears and 4months, the SD of the height was —3.3
SD, that of the weight —2.4 SD, and that of the OFC —0.8
SD, with even more marked growth impairment and rel-
ative macrocephaly (Figure 2). An X-ray of the carpal
bones at the age of 5years and 8 months showed a delay
of approximately 2years delayed bone age (Figure 1).
Individual 1 exhibited marked growth failure; however,
no growth hormone (GH) deficiency was observed in the
arginine-loaded GH stress test at 4years and 3 months of
age. Individual 1 had right cryptorchidism and underwent
right orchidopexy at 1year and 8 months. There was no
history of seizures, but a sporadic spike wave was noted
on an EEG at the age of 5years. Individual 2 showed in-
trauterine growth retardation, at the age of lyear and
2months with a SD of —3.0 SD for height, —2.9 SD for the
weight, and —1.6 SD for the OFC. At the age of 5years and
8 months, the SD was —2.1 SD for the height, —3.2 SD for
the weight, and —1.0 SD for the OFC, indicating growth
failure and relative macrocephaly (Figure 2). He also ex-
hibited delayed bone age, but no GH deficiency, and was
treated with GH owing to being diagnosed with small for
gestational age. He had brain MRI findings of Chiari mal-
formation type 1 and bilateral T2WI high signals in the
cerebral white matter (Figure 1). He had no evidence of
seizures or epilepsy; however, an abnormal EEG was ob-
served. He exhibited bilateral accommodative esotropia
and hyperopic astigmatism.

The growth curves for individuals 1 and 2 are shown in
Figure 2. In addition, we have included Table 2 detailing
their development. Hypotonia was not marked, but a gen-
eralized psychomotor delay was present. Autism spectrum
disorder was not evident in either individual. Moreover,
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TABLE 1 Molecular findings and clinical details of the two individuals with Rauch-Steindl syndrome.

Age
Sex
Karyotype

Chromosomal
microarray

Molecular findings

Perinatal findings

Growth

Cardiovascular

Neurological

Endocrinological

Otorhinological

Ophthalmic

Urological
Oral

Neurodevelopment

Feeding problem

Craniofacial
dysmorphia
and physical
characteristics

Evaluation

Gene

Molecular consequence

The ACMG/AMP
classification (Richards
et al., 2015)

ClinVar

Gestational age

Birth height (SD)

Birth weight (SD)

Birth OFC (SD)

Height (SD)

Weight (SD)

OFC (SD)
Echocardiography ECG
MRI EEG

Carpal bone X-ray, the
arginine-loaded growth
hormone stress test

Otorhinolaryngological
examination, ABR

Ophthalmology
examination

Echography

Oral surgery examination

The Kyoto Scale of
Psychological

Development (2001)
(Koyama et al., 2009)

Individual 1

7years

Male

46, XY

No pathogenic CNVs

NSD2: NM_133330: ¢.2470C>T,
(p.Arg 824*)

Nonsense

Pathogenic (PVS1, PP3, PM2, PS2)

No registration (14 September 2023)
41w3d

47.2cm (—1.7 SD)

2876g (—1.6 SD)

35cm (+1.0 SD)

107.7cm (—2.8 SD)

15kg (—4.1 SD)

52cm (—0.1 SD)

No congenital heart disease

No brain malformations, no seizures,
EEG abnormalities (bilateral temporal
spikes)

Delayed bone age (3y3m/5y8m) no failure
of growth hormone

No hearing loss

No ocular complications

Cryptorchidism
No cleft palate or soft palate

Moderate to severe psychomotor delay
At Syears 5months, the overall DQ
was 35

+

Relative macrocephaly, triangular face,
broad forehead, high anterior hairline,
deeply set eyes, broad arched and
laterally sparse eyebrows, periorbital
hyperpigmentation, full cheeks, thin
and elevated nasal bridge, smooth
short philtrum, prominent cupid bow,
thick everted lower lip vermilion,
protruding ears, and clinodactyly

Individual 2

Syears

Male

46, XY

No pathogenic CNVs

NSD2: NM_133330: c.4028del,
(p.Pro1343GInfs*49)

Frame shift

Pathogenic (PVS1, PS3, PM2, PS2)

Pathogenic (24 June 2022)
36wld

40.3cm (—2.3 SD)

1690g (—2.5 SD)

30.5cm (—1.1 SD)

101.5cm (—2.1 SD)

13.3kg (—-3.2SD)

49.5c¢cm (—1.0 SD)

No congenital heart disease

Chiari malformation type 1, no
seizures, EEG abnormalities

Delayed bone age (3y/5m) no
failure of growth hormone

No hearing loss

Accommodative esotropia,
hyperopic astigmatism

NP

No cleft palate or soft palate

Moderate to severe psychomotor
delay at 5years 7months, the
overall DQ was 37

+

Relative macrocephaly, mild
triangular face, broad forehead,
high anterior hairline, broad
arched and laterally sparse
eyebrows, full cheeks, thin and
elevated nasal bridge, smooth
short philtrum, prominent
cupid bow, thick everted lower
lip vermilion, and protruding
ears, and clinodactyly

Abbreviations: ABR, auditory brainstem response; CNV, copy number variation; DQ, development quotient; EEG, electroencephalogram; MRI, magnetic
resonance imaging; NP, no particular findings; OFC, occipitofrontal circumference; SD, standard deviation.
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FIGURE 1 Photographs of individuals with RAUST. Note that craniofacial dysmorphic features including relative macrocephaly,

mild triangular face, broad forehead, high anterior hairline, broad arched and laterally sparse eyebrows, full cheeks, thin and elevated

nasal bridge, smooth short philtrum, prominent cupid bow, thick everted lower lip vermilion, and protruding ears. Both individuals do not

have the ‘Greek warrior helmet’ facial features of WHS. Photographs of Individual 1 (a, b—1 year and 6 months, c—5years and 8 months)

and Individual 2 (e—1 year and 2 months, f—4years and 4 months; g—4years and 11 months). X-ray imagings of bilateral carpal bones of

individual 1 (d—5years and 8 months) and individual 2 (f—5years). Bone age is delayed by about 2years in both individuals. Brain MRI

findings of individual 2 (g—Chiari malformation type 1, h—bilateral T2WTI high signal in the cerebral white matter).

they shared a lack of interest in food and had poor feeding
and low food intake during infancy and early childhood.

3 | METHODS
3.1 | Editorial policy and ethical
considerations

This study was approved by the Institutional Ethics
Committee (approval number 31154). Written informed
consent was obtained from the parents of the patients
for the genetic analysis and for the publication of their
photographs.

3.2 | Genetic analysis

Chromosomal aberrations were analyzed using G-band
karyotype analysis, followed by chromosomal microar-
ray testing using the Agilent 60K Human Genome CGH
Microarray (CMA) platform (Agilent Technologies, Santa
Clara, CA, USA). Trio-based whole-exome sequencing
(WES) was performed. The sequence library was prepared
using a Human All Exon V6 Kit (Agilent Technologies,

CA, USA) or Twist Comprehensive Exome, Mitochondrial
DNA Panel Spike In (Twist Bioscience, CA, USA) and
sequenced using a NovaSeq with 150-bp paired-end
reads. Sequence reads were aligned to GRCh38 and an-
notated using CompStor NOVOS and CompStor Insight
(OmniTier, CA, USA). Variants with allele frequencies
greater than 0.01 in gnomAD, 14KJPN (jMORP) and our
in-house exome variant data were removed. Remained
variants were narrowed down based on the assumed
modes of inheritance, such as autosomal dominant, au-
tosomal recessive, X-linked, and compound heterozygous
inheritance. The candidate variants by WES were vali-
dated by Sanger sequencing.

3.3 | Clinical analysis

Clinical data were obtained from the chart of the individ-
uals, and complications, growth parameters, craniofacial
dysmorphia, physical characteristics, development, bone
age, electroencephalogram (EEG) readings, magnetic
resonance imaging (MRI) of the brain, and psychomotor
development tests were evaluated in each specialty de-
partments (Table 1). Clinical geneticists (E.N. and N.O.)
examined and evaluated their physical features, including
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FIGURE 2 Growth curves of individuals 1 and 2.

craniofacial features. The developmental details of the
milestones for the two individuals in RAUST compared
to an individual with a microdeletion of 4p16.3, includ-
ing part of NSD2 (Okamoto et al., 2013), are presented in
Table 2.

4 | RESULTS

4.1 | Summary of genetic findings

No chromosomal aberrations were observed in any of
the individuals (Table 1). We identified a novel heterozy-
gous nonsense variant, ¢.2470C>T, (p.Arg 824*), in NSD2
(NM_001042424.3) in individual 1 (Table 1). This was con-
firmed de novo using their parental analysis. The allele
frequency of this variant is zero in the genome aggregation
(gnomAD) database (Table S2). The variant was predicted
to be pathogenic using MutationTaster and FATHMM-
MKL. It was also classified as pathogenic according to the
guideline of the American College of Medical Genetics and
Genomics (ACMG)/Association of Molecular Pathology
(AMP; Richards et al., 2015) because of nonsense variants
in the gene for which loss-of-function is known mecha-
nism (PVS1), the variants had arisen de novo (PS2), the
variants were absent from controls (PM2), and there

was in silico evidence (PP3; Table S2). We also identi-
fied a recurrent heterozygous frameshift variant in NSD2
(NM_001042424.3), c.4028del, (p. Pro1343GInfs*49), in
individual 2 (Table 1). This was confirmed de novo using
their parental analysis. This frameshift variant was classi-
fied as pathogenic using ClinVar and was also classified as
pathogenic (PVS1, PS1, PS3, PM2, PS2) according to the
ACMG/AMP guidelines (Richards et al., 2015; Table S2).
There were no other candidate genes in individual 1 in this
study. In individual 2, FAT4, the causative gene for the
autosomal recessive Van Maldergem syndrome 2 (MIM
#615546) and Hennekam lymphangiectasia-lymphedema
syndrome 2 (MIM #616006), was filtered. However, it
was excluded because the clinical symptoms were not
consistent and both paternal and maternal variants were
classified as likely benign according to the ACMG/AMP
guidelines (Richards et al., 2015; Table S2).

5 | DISCUSSION

We identified a novel and recurrent truncating patho-
genic variant in NSD2 in two individuals with growth fail-
ure and moderate psychomotor delay. NSD2, also known
as WHSC1, has been considered a critical gene in WHS,
4p16.3 deletion syndrome. Recently, it has been reported
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that individuals with pathological variants in NSD2 share
common facial features lack the so-called ‘Greek war-
rior's helmet’ features specific to WHS, and their physi-
cal complications only partially overlap with those of
WHS and are recognized as RAUST (Barrie et al., 2019;
Boczek et al., 2018; Derar et al., 2019; Hu et al., 2020; Jiang
et al., 2019; Lozier et al., 2018; Yang et al., 2023; Zanoni
et al., 2021; Table S1). A detailed clinical examination of
two individuals with RAUST in the present study revealed
that facial features were consistent with previously re-
ported features of RAUST (Zanoni et al., 2021). Regarding
complications, neither individual had congenital heart dis-
ease, cleft lip and palate, hearing loss, or epilepsy, which
are common in WHS but infrequent in RAUST, support-
ing prior reports (Table 1). The finding of Chiari malfor-
mation type 1 on brain MRI in individual 2 is novel and
should broaden the clinical diversity of RAUST. From this
detailed investigation, both individuals have no history
of seizures or epilepsy, but EEG studies showed abnor-
malities, suggesting that careful follow-up is important.
Regarding growth, previous reports showed that the SD of
heightin RAUST was —2.3, weight was —2.4, and head cir-
cumference was +1.1. Furthermore, individuals with trun-
cating variants were reported to be significantly shorter
than those with missense variants (Zanoni et al., 2021). In
the present study, both individuals with truncating vari-
ants had a SD of height of —2.8 SD (individual 1, at age
7years) and — 2.1 SD (individual 2, at age 5years), consist-
ent with results from previous studies (Table 1; Zanoni
et al., 2021). Interestingly, the finding that both individu-
als showed growth failure but no GH deficiency is one of
the new findings of RAUST. Regarding development, the
median age at independent walking of both individuals
was 26 months (range, 24-28 months), and the median age
at beginning of single-word speech was 36 months (range,
24-48 months). Statistical tests were difficult because only
two individuals were included; however, the postural-
motor, cognitive-adaptive, and language-social quotients
appeared to be unbiased (Table 2).The two individuals

pTy220*  pGClul0SLen  P-Argdsd*
pTrp236*  pArz3loSer p-AladSTAspfs*16

p.Glud6o*
pLys257CIufs*12 PLysS24Clufs*17
pClu265*

PAsnS27Lysfs*14
S3ICIE*6T
p.Glu3esValfs*13 yeeiing
PArgssOThrfs*38
P-AspS60Hisfs*4
P-Arg600*

508-1G=C

PWWP HMG PHD
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had a median developmental quotient (DQ) of 36 (range,
35-37) at the age of Syears, indicating a moderate delay.
To characterize the development of RAUST, we compared
their milestones with those of individuals with a 109kb
microdeletion that partially encompasses the 5 end of
NSD2 (Okamoto et al., 2013), WHS (Table 2, Table S2).
The results suggest that the developmental characteristics
are similar to those of individuals with microdeletions,
but not WHS, which may also be affected by other genes.
For this comparison, as a limitation, it should be noted
that there are few individuals, and for WHS, the size of
the deletion and the genes included in the deletion are not
currently defined, and that there is very little information
on the milestones and developmental details.

NSD2 encodes a nuclear SET domain-containing
transcriptional regulatory protein that contains four
development-related domains: a PWWP domain, an HMG
box, a SET domain, and a PHD-type zinc finger domain.
NSD2, a SET domain histone methyltransferase respon-
sible for the methylation of H3K36, is expressed widely
across many cells and tissues, and participates in various bi-
ological processes, including early development, cytokine
signaling, the DNA damage response, and class switch re-
combination. (Yang et al., 2023; Zanoni et al., 2021). Loss-
of-function variants in NSD2 may potentially influence
cellular senescence, energy production, cell cycle regu-
lation, and epigenetic accuracy (Tanaka et al., 2020). To
date, approximately 40 variants in NSD2 have been iden-
tified, and both missense and truncating variants are en-
compass various domains rather than being concentrated
in specific domains (Barrie et al., 2019; Boczek et al., 2018;
Derar et al., 2019; Hu et al., 2020; Jiang et al., 2019; Lozier
et al., 2018; Yang et al., 2023; Zanoni et al., 2021; Figure 3).
The novel nonsense and recurrent frameshift variant in
this study are located near the PHD zinc finger domain
and are stop codons that may result in NSD2 haploinsuffi-
ciency. A recent study has revealed that truncated variants
in NSD2 exhibit a methylated pattern that is highly sim-
ilar to that observed in WHS. This suggests that the loss

PHD ™ =T= oen ™ PWWE == iy — ) i f——
p-Cys720% pL5y869Tyr pProSOSLen p.GII076Valfs*16 p-Alal262Ser
PAsnO07Lysfs*S p-Glul091Lys p-Alal33jVal
Argfds* Tyr10924la y
pArgs2e* P P PpProl343GInfs*490
Individual 1 PLy:10194rg P-Gézllol?};; Individual 2
p-Ser1137Phe
"-"i} 1;‘13:8GM - Pp.Glul344Lysfsr40
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FIGURE 3 The diagram shows the structure of NSD2. Previously reported NSD2 variants are shown in the NSD2 schematic (Barrie
et al., 2019; Boczek et al., 2018; Derar et al., 2019; Hu et al., 2020; Jiang et al., 2019; Lozier et al., 2018; Yang et al., 2023; Zanoni et al., 2021).
The novel variants of individual 1 and the recurrent variants of individual 2 in this study are boxed.



NISHI ET AL.

ﬂl_wl LEy_Molecular Genetics & Genomic

of NSD2 function may partially contribute to the epigen-
etic changes observed in WHS and that these alterations
may potentially impact gene expression and development
(McConkey et al., 2022).

The limitations of this study include the small number
of participants and the fact that no functional studies were
conducted.

In conclusion, our report on the clinical manifestations
of two individuals with RAUST supports that the notion
that the truncated pathogenic variant in NSD2 confers
clinical features of RAUST that are distinct from the WHS
phenotype. Furthermore, the clinical diversity of RAUST
was demonstrated by the presence of Chiari malformation
type 1 complications, as well as the presence of EEG ab-
normalities and delayed bone age, common to both indi-
viduals. Still, further studies are warranted to accumulate
more RAUST cases and their clinical manifestations, and
to elucidate the mechanism whereby pathogenic variants
in NSD2 cause RAUST.
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