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Clinical and genetic spectrum of 18 unrelated Korean
patients with Sotos syndrome: frequent 5q35
microdeletion and identification of four novel NSD1
mutations

Young Bae Sohn!, Cha Gon Lee?, Jung Min Ko?, Jung-Ah Yangl, Jun-No Yun!, Eun-Jung Iungl,
Hyun-Seok Jin!, Sang-Jin Park* and Seon Yong Jeong!

Sotos syndrome is an overgrowth syndrome with characteristic facial dysmorphism, variable severity of learning disabilities and
macrocephaly with overgrowth. Haploinsufficiency of the nuclear receptor SET domain-containing protein 1 (NSD1I) gene
located on 5q35 has been implicated as the cause of Sotos syndrome. This study was performed to investigate the mutation
spectrum of NSD1 abnormalities and meaningful genotype —phenotype correlations in Korean patients with Sotos syndrome.
Eighteen unrelated Korean patients with Sotos syndrome were enrolled for clinical and molecular analyses. Cytogenetic studies
were performed to confirm 535 microdeletion, and NSD1 sequencing analysis was performed to identify intragenic mutations.
NSD1 abnormalities were identified in 15 (83%) patients. Among them, eight patients (53%) had 5q35 microdeletions and the

other seven patients (47%) had seven different NSD1 intragenic mutations including four novel mutations. The mutation
spectrum of Korean patients with Sotos syndrome was similar to that of previous studies for Japanese patients. Height was
significantly shorter and age of walking alone was significantly older in the microdeletion group compared with those in the
intragenic mutation group. No significant differences were observed for other clinical characteristics between the microdeletion
and intragenic mutation groups. Further studies with a larger number of patients will be necessary to draw conclusive

genotype —phenotype correlations.

Journal of Human Genetics (2013) 58, 73-77; doi:10.1038/jhg.2012.135; published online 29 November 2012

Keywords: Macrocephaly; 535 microdeletion; NSD1I; overgrowth; Sotos syndrome

INTRODUCTION
Sotos syndrome (OMIM 117550) is an autosomal dominantly
inherited congenital malformation syndrome belonging to the over-
growth condition group. Clinical diagnostic criteria have been defined
as Sotos et al!™ firstly described the syndrome in 1964. The
diagnostic criteria are based on the presence of a characteristic
facial appearance, learning disabilities and macrocephaly with
prenatal and postnatal overgrowth.* The typical facial appearance
includes a prominent broad forehead, sparse fronto —temporal hair,
down-slanting palpebral fissures and a pointed chin. In addition,
various abnormalities, including maternal pre-eclampsia, neonatal
jaundice, neonatal hypotonia, poor feeding in infancy, seizures,
scoliosis, advanced bone age, joint laxity, and cardiac, renal and
brain malformations can accompany the other features.’

Since 2002, Sotos syndrome has been associated with haploinsuffi-
ciency of the nuclear receptor SET domain-containing protein 1 (NSDI)
gene located on 5q35.° NSDI consists of 23 exons and encodes multiple

functional domains, including the SU(VAR)3-9, E(Z), tirthorax (SET),
SET-associated domains, which mediate histone methyltransferase
activity, five plant homeo-domains implicated in chromatin regulation
and two proline —tryptophan —tryptophan —proline domains that may
mediate protein interactions.>’~° NSDI is expressed in several tissues
including the brain, kidney, skeletal muscle, spleen and thymus.'’
Although an exact role of the NSD1 protein has not been identified,
the presence of two different ligand-binding domains suggests
that NSD1 enables the regulation of both negative and positive
transcription.!!

Several reports have demonstrated NSDI abnormalities in patients
with Sotos syndrome.!>1> NSDI abnormalities include microdeletion
of 5935, encompassing the entire NSDI deletion (deletion type) and
mutations within the NSDI gene (intragenic mutation type). To date,
over 300 different mutations associated with Sotos syndrome have
been identified, including gross deletions, small indels, point
mutations and splice site mutations (HGMD, http://www.hgmd.org/).
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Notably, 5935 microdeletions are more frequently (~50%) found
in Japanese patients with Sotos syndrome,>'®!7 whereas 5q35
microdeletions are uncommon (<15%) in patients outside of
]apan.3”18 Moreover, NSDI abnormalities have been delineated in
up to 90% of non-Japanese patients with Sotos syndrome, whereas
~30% of Japanese patients do not have NSDI abnormalities.'?

However, the exact mechanism of such an inter-racial difference
has not been clearly explained to date. Patients with a microdeletion
tend to have certain congenital heart and/or urogenital anomalies,
more severe mental retardation and shorter stature than those with
NSD1 intragenic mutations.?’ In this study, we delineated the clinical
characteristics and mutational spectrum of NSDI in 18 unrelated
Korean patients with Sotos syndrome.

MATERIALS AND METHODS

Patients

Eighteen unrelated Korean patients (6 females and 12 males; age range, 1.3—
14.5 years) were enrolled. All patients were clinically diagnosed with Sotos
syndrome by clinical diagnostic criteria,'> and showed a normal karyotype.
The patients were evaluated at the Department of Medical Genetics, Ajou
University Hospital and the Department of Pediatrics, Seoul National
University Hospital, Korea. The study protocols were reviewed and approved
by the Institutional Review Boards of these two hospitals, and written
informed consent was obtained from all subjects or from their parents.
Clinical assessment was performed by review of medical records. Physical
growth was evaluated by Korean reference data’' and expressed as a standard
deviation score (SDS).

NSD1 analyses

Fluorescence in situ hybridization (FISH) analysis for 5q35 microdeletion was
performed first to investigate NSDI abnormalities, considering the genetic
spectrum of Japanese patients with Sotos syndrome. If microdeletion was
found in FISH analysis, additional array comparative genomic hybridization
(aCGH) was performed to measure the deletion size. If the FISH analysis
revealed no deletion, NSDI sequencing analysis was performed successively.

Fluorescence in situ hybridization. The FISH study for delineation of the 5g35
microdeletion was performed on metaphase spreads of cultured peripheral
leukocytes stimulated with phytohemagglutinin using an NSDI probe (Vysis
LSI NSD1, Abbott Laboratories, Chicago, IL, USA) on 5q35.

Array comparative genomic hybridization. Applied microarray platform was
the NimbleGen, CGX-3 135K Whole-Genome Array (Roche Diagnostics,
Mannheim, Germany). Patients’ genomic and reference DNA were labeled with
Cy3 and Cys5, respectively. Equal amounts of labeled test and reference DNA
were used for hybridization on one array, which was then processed according
to the manufacturer’s instructions. Array images were analyzed by the
Genoglyphix software (Signature Genomics Laboratories, Spokane, WA, USA).

DNA sequencing. Blood specimens were collected from patients and their
parents. Genomic DNA was isolated from peripheral blood leukocytes,
according to the manufacturer’s instructions using a Wizard Genomic DNA
Purification kit (Promega, Madison, WI, USA). All coding exons and exon —
intron boundaries of the NSDI gene were amplified by PCR using appropriate
primers designed by the authors (available on request) and a thermal cycler
(Applied Biosystems, Foster City, CA, USA). Direct sequencing was performed
using a BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied
Biosystems), and the analysis was conducted using an ABI3130x] Genetic
Analyzer (Applied Biosystems).

Statistical analyses

All continuous variables are expressed as medians and ranges. Statistical
significance (P<0.05) was determined by the Mann—Whitney test for
continuous variables and the Fisher’s exact test for nominal variables using
PASW version 18.0 (SPSS, Chicago, IL, USA).
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RESULTS

Clinical findings

The clinical features of the patients are listed in Table 1. All patients
showed characteristic facial dysmorphism and developmental delay.
The median age for walking alone was 24 months (range, 14-40
months) and for speaking a meaningful word was 24 months (range,
12-72 months). Median height SDS and weight SDS were 1.4 (range,
—0.47-3.0) and 1.2 (range, —1.3-2.6), respectively. Median head
circumference SDS was 2.6 (range, 1.2-3.9). Thirteen patients (72%)
had macrocephaly (> 2 SDS).

Eight patients (44%) had a seizure history. Six patients had febrile
convulsions, whereas two had non-febrile convulsions with or without
febrile convulsions. Congenital cardiac defects were found in six
patients (33%); patent ductus arteriosus, ventricular septal defect,
atrial septal defect and Ebstein anomaly were observed. All patients
with a cardiac defect underwent a surgical correction.

Skeletal deformities were one of the most common symptoms.
Thirteen (72%) patients had flat feet, ten (55.6%) patients had
scoliosis and two (patients 7 and 10) had severe scoliosis (Cobb’s
angle 80° and 50°, respectively) and underwent surgical correction.
Chest wall deformities including pectus carinatum and excarbatum
were observed in three patients. Four patients showed joint laxity.

Brain anomalies were detected by imaging studies in eight patients
(44%). Four patients underwent a ventriculo —peritoneal shunt opera-
tion for hydrocephalus. The other four patients had mild ventriculo-
megaly and one also showed partial agenesis of the corpus callosum.
Five of fourteen (35.7%) patients older than 4 years had attention
deficit hyperactivity disorder and two of them had methylphenidate
medication. Although three of four patients younger than 4 years
showed tendency of attention deficit, they had not been diagnosed as
attention deficit hyperactivity disorder because of the young age.

The height of the microdeletion group was significantly shorter
than that of the intragenic mutation group (P=0.04), and age of
walking alone was significantly older in the microdeletion group than
that in the intragenic mutation group (P=0.02). No significant
differences in the other clinical parameters were observed between the
two groups, including weight/head circumference SDS, age of speak-
ing a meaningful word, prevalence of seizures, scoliosis, cardiac
anomalies, renal anomalies or flat feet.

NSD1 mutation spectrum
Fifteen (83%) NSDI abnormalities were identified from the 18
unrelated patients with Sotos syndrome. The mutational spectrum
is summarized in Table 2. Among the 15 patients with NSDI
abnormalities, eight (53%) had 5@35 microdeletions. The DNA
sample of four patients among the eight patients with microdeletion
was available for additional aCGH analysis for measuring the deletion
size. All four patients had common 1.85 Mb deletion in
5@35.2935.3, chr5:g.(175,512,657_177,360,321)del (Figure 1). The
other seven (47%) had NSDI intragenic mutations; four of them
(c.4797_4798insTG, ¢.4591_4592insA, c.4778G>A and c¢.4967-
1G>A) were novel mutations, and three of them (c.2227C>T,
€.2362C>T and c.6349C>T) were reported previously. No familial
case was observed and all mutations were de novo. Among the seven
intragenic mutations, three were nonsense mutations, two were
frameshift mutations, one was a missense mutation and the other
was a splice site mutation. Three of the 18 patients showed neither a
5@35 microdeletion nor a NSDI intragenic mutation.

Among the four novel mutations, the two novel nucleotide
insertions (¢.4797_4798insTG and c.4591_4592insA) were considered
pathogenic mutations, because they lead to a frameshift and



Table 1 Clinical features of the patients with Sotos syndrome
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Developmental
delay
Walk
Sex/age NSDI Typical —alone  Speaking  Ht Wt HC Medical Bone

Patient (years) mutation face (m)  word (m) (SDS) (SDS) (SDS)  Seizure ADHD treatment Cardiac age Skeletal

1 M/6.3  Deletion + 24 24 0.3 054 29 Febrile — — — ND Scoliosis, flat feet

2 F/A.1  Deletion + 24 24 -05 08 1.7 — - - PDA,VSD  ND Flat feet

3 M/9.4  Deletion + 40 60 0.5 0.2 3.0 Non-—febrile + levetiracetam — Delay Scoliosis 14°, flat feet

4 M/3.0  Deletion + 26 18 1.9 21 2.9 Febrile Suspicious - PDA ND Scoliosis, flat feet

5 M/2.0  Deletion =+ Not yet 22 22 23 2.7 — Suspicious — — Normal Flat feet

6 F/13.3 Deletion + 24 18 0.8 16 3.0 — — - - ND Scoliosis, Flat feet

7 M/8.4  Deletion + 34 48 0.0 -1.3 3.9 — - - - Advance  Scoliosis 80°, Flat
feet

8 F/5.8  Deletion + 24 36 1.1 09 17 Febrile + - PDA ND —

9 F/14.5 Missense + 16 15 22 1.8 1.8 Non —febrile — levetiracetam — ND Scoliosis, flat feet

10 F/5.5 Frameshift + 36 36 1.1 0.5 1.2 Febrile — - - ND  Scoliosis 50°, flat feet

11 M/4.1  Frameshift + 18 24 25 24 26 Febrile + - - ND Flat feet

12 M/11.1 Splice site + 18 12 0.1 -1.1 2.8 — — — — Advance Scoliosis 13°, flat

feet, pectus
excarbatum

13 M/13.5 Nonsense + 15 72 22 15 1.5 — + methylphenidate ~ PDA ND  Scoliosis 14°, flat feet

14 F/1.7  Nonsense + 14 18 1.7 21 33 - — - - ND —

15 M/5.5  Nonsense + 12 12 30 23 25 - - - ASD  Advance  Pectus carinatum

16 M/1.3  Not found Mild Not yet 12 1.7 04 25 — - - - ND —

17 M/4.4  Not found  Mild 14 17 05 08 21 — - - - ND —

18 M/5.9  Not found + 18 24 20 26 25 Febrile + methylphenidate Epstein’s Normal Scoliosis 13°, flat

anomaly feet, pectus carinatum

Abbreviations: ADHD, attention deficit hyperactivity disorder; ASD, atrial septal defect; HC, head circumference; Ht, height; m, months; ND, not done; NSD1, nuclear receptor SET domain-
containing protein 1; PDA, patent ductus arteriosus; SDS, standard deviation score; VSD, ventricular septal defect; Wt, weight.

Table 2 Mutational spectrum of the NSD1 gene

Patient 5q35 microdeletion Exon Nucleotide change Amino acid change Reference
1-8 Y —

9 N 13 c.4778 G>A p.Cys1593Tyr This study
10 N 13 c.4797_4798insTG p.Gly1600Valfs*43 This study
11 N 11 c.4591_4592insA p.Met1531Asnfs*4 This study
12 N Intron 13 c.4967-1G>A This study
13 N 5 c.2227C>T p.GIn743* 3

14 N 5 c.2362C>T p.Arg788* 3

15 N 22 c.6349C>T p.Arg2117* 18

16 N 5 c.2927C>T p.Ala976Val? This study

Abbreviation: NSD1, nuclear receptor SET domain-containing protein 1.
2Indicates a polymorphism.
*Indicates stop codon.

premature termination (p.Glyl600Valfs¥43 and p.Metl1531Asnfs*4,
respectively) (* means stop codon). One novel splice site mutation
(c.4967-1G>A) occurred at the end of intron 13 and could cause
skipping of exon 14. The other novel missense mutation
(p.Cys1593Tyr) occurred within the really interesting new gene
(RING)-finger domain, which comprises 1593 of the 2690 amino
acids of the protein. One novel variation in ¢.2927C>T (p.Ala976Val)
was identified in patient 16.

DISCUSSION
In this study, 15 of 18 Korean patients with Sotos syndrome had NSD1
abnormalities. This detection rate (83%) was comparable to that of

previous studies performed in Japanese patients.»!>!7 Approximately
one-half of the Korean patients had a 535 microdeletion, which was
also similar to the results of Japanese studies.!” Although a southern
Chinese study reported less frequent (12%) microdeletions, which was
similar to a western study.'® It was notable that all of the four patients
(patient 1, 2, 7 and 8) with microdeletion who taken aCGH showed
1.85 Mb-sized common deletion as a 1.9 Mb-sized common deletion
was found in 78.7% of the patients with Sotos syndrome with the
microdeletion in a previous study.!® Although the underlying reason
for such a high percentage of microdeletions in Japanese and Korean
patients is still unknown, the result of this study implicates very
similar genetic backgrounds between Japanese and Korean.

Journal of Human Genetics
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Figure 1 All of the four patients whose sample was available for aCGH had common 1.85Mb deletion in 5g35.2935.3, chrb:g.

(175,512,657_177,360,321)del.

Characterization of microdeletion breakpoints in more patients of
different ethnic origins may be useful to solve this issue.'® Further
investigations about the breakpoint of microdeletion in a large
number of Korean patients would be worth performing using a
high-resolution aCGH method.

The cardinal features of Sotos syndrome were observed in almost
all patients regardless of mutation type such as typical facial
dysmorphism (100%), learning disabilities (100%) and overgrowth
with macrocephaly (72%). The most frequently associated anomaly
was skeletal deformities (72%), including scoliosis, flat feet and
chest wall deformities. A total of 30% of the patients had congenital
cardiac defects. Tong et al'® reported that patients with
microdeletions might be more prone to congenital heart disease but
less likely to have somatic overgrowth. We also found that the height
SDS was shorter (P=0.04) and age of walking alone was older
(P=0.02) in the microdeletion group than those in the intragenic
mutation group. However, other clinical features did not differ
between the two groups in this study. Scoliosis could make it
difficult to measure the exact height of patients, and the degree of
scoliosis should be considered to analyze Sotos patient phenotypes. In
addition, all except one intragenic mutation found in this study led to
premature truncation of the NSD1 protein caused by frameshift or
nonsense mutations, and severe clinical features of the intragenic
mutation group might be attributed to these types of mutations. Only
one patient with a NSDI missense mutation (p.Cys1593Tyr) had less
prominent facial dysmorphism and a milder learning disability
(middle-school student) than those of the others. Therefore, further
studies with a larger number of patients are warranted.

In terms of predicting pathogenicity of the novel missense
mutation (p.Cys1593Tyr) identified in patient 1 in this study, the
1593 cysteine is a highly conserved amino acid throughout species
with a unique pattern in the RING-finger domain, a specialized type
of zinc-finger with 40-60 residues that bind two zinc atoms and is
defined by the ‘cross-brace’ motif C-X2-C-X(9-39)-C-X(1-3)- H-X(2-
3)-(N/C/H)-X2-C-X(4-48)C-X2-C (Figure 2). Many RING-finger
domains simultaneously bind ubiquitination enzymes and their
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substrates and hence function as ligases; ubiquitination in turn targets
the substrate protein for degradation.”? The novel mutation was not
identified in either parents without any Sotos phenotype and was
predicted to affect protein structure by the PolyPhen-2 (v2.2.2r395)
program.”® Therefore, substitution of the cysteine residue by other
amino acids might cause significant functional alterations in
ubiquitination cascade involved in the control of gene transcription
and translation.

Patient 16 had a novel variation of ¢.2927C>T (p.Ala976Val),
which was considered a non-pathogenic single nucleotide polymorph-
ism because it was inherited from the unaffected mother. The
PolyPhen-2 (v2.2.2r395) program also predicted it to be benign,?®
though this substitution has not been reported.

Although detecting NSDI abnormalities can confirm a diagnosis of
Sotos syndrome, a negative NSDI analysis result cannot exclude it,
because the mutation detection rate is 70-80% in Japanese®'? and
Korean patients. Thus, the clinical diagnosis is still important. In this
study, three of 18 patients (17%) had no NSDI abnormalities.
Because exon deletions cannot be detected by sequencing, further
testing with multiplex ligation-dependent probe amplification would
be useful in these patients. Meanwhile, these patients have the
possibility of having other disorders by sharing clinical features with
a Sotos syndrome called Sotos-like syndrome. Yoneda et al.?* reported
that microdeletions encompassing nuclear factor I-X and a nuclear
factor I-X nonsense mutation have been found in individuals with
clinically suspected Sotos syndrome but showed no NSDI
abnormalities. Moreover, several studies have demonstrated various
genetic abnormalities including epigenetic alteration of KCNQITI,
microduplication of 19p13.2, and a STK1I mutation in patients with
Sotos-like features.>">” Therefore, further genetic investigation is
needed for the patients without NSDI mutation, while epigenetic
alteration of KCNQIT1I, which is known to be the cause of Beckwith—
Wiedemann syndrome, did not be found in our three patients.

In conclusion, 15 (83%) NSDI abnormalities were identified in 18
unrelated Korean patients with Sotos syndrome including four novel
mutations. Although age of walking alone and height SDS showed
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Figure 2 A novel missense mutation occurred within the really interesting new gene (RING)-finger domain (p.Cys1593Tyr). The cysteine residue is a highly
conserved amino acid with a unique pattern in the RING-finger domain. The figure was created using WebLogo 3 (http://weblogo.threeplusone.com/).

significant differences in clinical features between the microdeletion
and intragenic mutation groups, the small study population was the
limitation of this study; thus, further studies with a larger number of
patients are necessary for draw any conclusive genotype—phenotype
correlations. Furthermore, additional research on genetic alterations
in patients with clinically suspected Sotos syndrome with normal
NSDI is warranted.
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