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Abstract

Sotos syndrome (SoS) is a multiple anomaly, congenital dis-
order characterized by overgrowth, macrocephaly, distinc-
tive facial features and variable degree of intellectual disabil-
ity. Haploinsufficiency of the NSD1 gene at 5g35.3, arising
from 5935 microdeletions, point mutations, and partial gene
deletions, accounts for a majority of patients with SoS. Re-
cently, mutations and possible pathogenetic rare CNVs, both
affecting a few candidate genes for overgrowth, have been
reported in patients with Sotos-like overgrowth features. To
estimate the frequency of NSDT defects in the Brazilian SoS
population and possibly reveal other genesimplicated in the
etiopathogenesis of this syndrome, we collected a cohort of
21 Brazilian patients, who fulfilled the diagnostic criteria for
SoS, and analyzed the NSD1 and PTEN genes by means of
multiplex ligation-dependent probe amplification and mu-
tational screening analyses. We identified a classical NSD1

microdeletion, a novel missense mutation (p.C1593W), and
2 previously reported truncating mutations: p.R1984X and
p.V1760Gfs*2. In addition, we identified a novel de novo
PTEN gene mutation (p.D312Rfs*2) in a patient with a less
severe presentation of SoS phenotype, which did not in-
clude pre- and postnatal overgrowth. For the first time, our
study implies PTEN in the pathogenesis of SoS and further
emphasizes the existence of ethno-geographical differences
in NSD1 molecular alterations between patients with SoS
from Europe/North America (70-93%) and those from South

America (1 0-1 9%). ©2015 S. Karger AG, Basel

Overgrowth syndromes are a heterogeneous group of
disorders resulting from the dysfunction of various pro-
cesses, involving cell proliferation, cell growth or apopto-
sis [Baujat et al., 2004]. Within this group, conditions
such as Sotos syndrome (SoS) (OMIM 117550), Weaver
syndrome (OMIM 277590), Beckwith-Wiedeman syn-
drome (OMIM 130650), Simpson-Golabi-Behmel syn-
drome (OMIM 312870), and Bannayan-Riley-Ruvalcaba
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syndrome (OMIM 153480) showed clinical and molecu-
lar overlap [Baujat et al., 2004, 2005; Baujat and Cormier-
Daire, 2007].

SoS is an autosomal dominant and probably the most
frequent of overgrowth syndromes [Baujat and Cormier-
Daire, 2007]. The syndrome is characterized by child-
hood overgrowth, advanced bone age, macrocephaly, fa-
cial dysmorphic features (elongated facies with a small,
pointed chin and prominent forehead), learning disabil-
ity and speech delay [Cole and Hughes, 1990, 1994].
However, overgrowth and advanced bone age have not to
be considered mandatory criteria for a diagnosis of SoS,
as demonstrated in a few series of patients [ Tatton-Brown
et al., 2005; Leventopoulos et al., 2009]. Additional fea-
tures include skeletal, neurological, renal, and heart de-
fects [Tatton-Brown et al., 2005; Malan et al., 2008]. Pa-
tients with SoS also have a tendency for tumorigenesis
[Allanson and Cole, 1996]. Haploinsufficiency of the
NSD1 gene at 5935.3 has been found as the major cause
of SoS [Kurotaki et al., 2002]. Point mutations, 5q35 mi-
crodeletions, and partial gene deletions, including one
mosaic case, have been detected in 70-93% of SoS in the
UK, France, Germany, and Italy [Kurotaki et al., 2002,
2003; Douglas et al., 2003, 2005a; Rio et al., 2003; Tiirk-
men et al., 2003; Cecconi et al., 2005; Tatton-Brown et al.,
2005; Saugier-Veber et al., 2007; Piccione et al., 2011].
Microdeletions involving the complete NSDI gene are
frequently observed in Japanese patients (50 vs. 15% in
non-Japanese patients), whereas intragenic mutations
have been found to be more frequent in non-Japanese pa-
tients (27-97 vs. 12% in Japanese patients). Multiplex li-
gation-dependent probe amplification (MLPA) analysis
in 30 Brazilian patients with clinical diagnosis of SoS re-
vealed 3 patients (10%) with NSD1 partial gene deletions
[Fagali et al., 2009]. Recently, a novel mosaic NSD1 intra-
genic deletion has been reported in a patient with an atyp-
ical presentation of SoS [Castronovo et al., 2013]. Inter-
estingly, several patients with interstitial duplications in-
cludingNSDIhavebeenreported withgrowthretardation,
microcephaly and mild-moderate learning difficulties [de
Boer et al., 2004; Franco et al., 2010; Dikow et al., 2013;
Rosenfeld et al., 2013]. In addition, a de novo 5q35.5 du-
plication in the immediate vicinity of the NSDI gene has
been identified in a patient with features of SoS which
may have resulted in NSDI haploinsufficiency through a
position effect [Kasnauskiene et al., 2011].

With the need to offer a molecular diagnosis to SoS
patients who are without NSD1 deletions or alterations,
the molecular screening of other candidate genes for
overgrowth, such as NSD2, NSD3, NIZP1, RNF135, and
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NFIX, in patients with SoS/Sotos-like features has led to
the discovery of pathogenetic mutations in RNF135 and
NFIX [Cecconi et al., 2005; Douglas et al., 2005b, 2007;
Kant et al., 2007; Malan et al., 2010; Priolo et al., 2012;
Yonedaetal.,2012]. However, as RNF135 mutations have
been associated to a newly defined syndrome, slightly dif-
ferent from SoS [Douglas et al., 2007], to date, only the
screening of NFIX has been suggested in SoS patients who
lack a molecular diagnosis. In addition, genome-wide
SNP array analysis in 26 patients with features of SoS led
to the detection of possible pathogenic CNVs, including
deletions of 10p12.32p12.31, 14q13.1, Xq21.1q21.31 and
a duplication of 15q11.2q13.1 [Visser et al., 2010], thus
suggesting that this approach might be complementary to
the molecular analyses in SoS patients.

Among other possible overgrowth candidate genes,
germ-line mutations in the PTEN gene have been previ-
ously associated with a group of disorders called PTEN
hamartoma tumor syndrome, which are characterized by
macrocephaly, intellectual disability and overgrowth
[Yin and Shen, 2008; Hobert and Eng, 2009; Tan et al.,
2011]. They include Cowden syndrome [OMIM 158350;
Tan et al., 2011], with 85% of patients carrying a PTEN
mutation; Bannayan-Riley-Ruvalcaba syndrome, with
65% of patients with PTEN mutation, and Proteus syn-
drome (OMIM 176920), with 20% of patients with a mu-
tation in the PTEN gene [Zhou et al., 2001, Eng, 2003;
Orloff and Eng, 2008]. In addition, PTEN mutations have
been found to be associated with autism spectrum disor-
ders and extreme macrocephaly [Butler et al., 2005; Her-
man et al.,, 2007], suggesting a possible implication of
PTEN in the development not only of overgrowth, but
also of cognitive and behavioral functions.

In this study, we have clinically and molecularly char-
acterized a cohort of Brazilian patients with classical SoS
clinical features for mutations in NSDI and PTEN genes.
We identified several potential disease causative muta-
tions of the 2 genes: a classical NSDI microdeletion, a
novel NSDI missense mutation (p.C1593W), 2 previous-
ly reported NSDI truncating mutations (p.R1984X,
p.V1760Gfs*2), and a novel de novo PTEN truncating
mutation (p.D312Rfs*2).

Materials and Methods

Patients

Twenty-one Brazilian patients from 20 families were included
in this study. These patients were clinically evaluated using the
classification described by Cole and Hughes [1994] and Moretti-
Ferreira et al. [1991]. The diagnostic criteria for SoS included typ-
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Table 1. Phenotypic comparison of individuals with SoS and mutations in the NSDI and PTEN genes®

Patient

21
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High-arched palate

n/a

n/a

n/a

Premature eruption of teeth

NSDI mutations - patient 9: ¢.5950C>T (p.R1984X); patient 10: ¢.5950C>T (p.R1984X); patient 11: ¢.1414C>T (p.L472F) c.4779T>G (p.C1593W); patient 17: ¢.5279delTCTG (p.V1760Gfs*2); patient 21: deINSDI.

PTEN mutations - patient 13: ¢.927_933dupAGATAAT (p.D312Rfs*2).

Not available.

2 Modified by Cole and Hughes [1994]. The mutations refer to NSDI and PTEN isoforms 1 according to Ensemble Genome Browser (http://www.ensemble.org/). n/a
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ical facial gestalt in association with atleast 1 of the 3 major criteria,
namely overgrowth, macrocephaly or developmental delay. The
clinical features of all patients are summarized in table 1. Facial
features of patients with a classical NSD1I deletion, NSDI muta-
tions and a PTEN mutation are shown in figure 1. This study was
approved by the Research Ethics Committee of Botucatu Medical
School, Sdo Paulo State University/UNESP, Brazil (No. OF
536/2004-CEP).

Multiplex Ligation-Dependent Probe Amplification Analysis

MLPA analysis to detect deletions or duplications involving the
NSD1 gene region was performed using MLPA SALSA P026-C1_
Sotos panel probe mix kit (MRC-Holland, Amsterdam, The Neth-
erlands). The kit contains one probe for each exon (2 probes for
exon 1), 2 probes for the FGFR4 gene residing immediate 5'-end
of the NSDI promoter, 2 probes close to the 5q telomere and sev-
eral reference probes on various chromosomes. All reactions were
performed following the manufacturer’s protocol and instruc-
tions. Amplified products were run on 3130x] automated sequenc-
er (Applied Biosystems, Foster City, Calif., USA) and data were
analyzed using GeneMarker V1.75 software (SoftGenetics, State
College, Pa., USA). The deletion of an exon was determined by a
dosage coefficient of 0.5 compared to 1.0 for normal.

Mutation Screening

The NSD1I and PTEN genes mutation screening was performed
by sequence analysis of genomic DNA from 21 patients with SoS
features and their unaffected parents, when available. The entire
coding region and flanking intronic sequences of both genes
(NSD1 exons 2-23 and PTEN exons 1-9) were individually ampli-
fied by standard PCR. Amplified products were treated with Exo-
SAP-IT® (USB Corporation, Affymetrix, Santa Clara, Calif., USA),
bidirectionally sequenced by the Sanger method using the Big-
Dye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
and separated on an ABI 3730xl DNA analyzer (Applied Biosys-
tems). Where required, amplicons were subcloned and individual
subclones were sequenced to determine the sequence of the nor-
mal wild type and the deleted or duplicated alleles in patients.
Primer sequences are shown in online supplementary tables 1, 2
(see www.karger.com/doi/10.1159/000370169 for all online suppl.
material) Sequences were analyzed with DNASTAR SeqMan 1I
software (DNASTAR Inc. Madison, Wis., USA).

Results

We analyzed a cohort of 21 Brazilian overgrowth pa-
tients with a clinical diagnosis of SoS (fig. 1; table 1).
MLPA analysis revealed a deletion involving the entire
NSDI gene in patient 21 (fig. 1A; table 1). Analysis of ad-
ditional probes further revealed that the deletion also in-
cluded the adjoining FGFR4 gene, located at the 5’ end of
the NSDI gene. The NSDI gene deletion in this patient
was also confirmed by quantitative PCR analysis using a
set of primers for NSD1 exon 6.

All patients were subjected to the NSD1 gene mutation
screening. Using direct sequencing of the coding region

Vieira et al.
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Fig. 1. A-E Facial features of patients with defects in the NSD1 gene, including a full gene deletion (A, patient 21),
3 truncating mutations (B, C, twin-sister patients 9, 10 and E, patient 17), and a novel missense mutation (D, pa-
tient 11). F Patient 13 carrying a novel de novo truncating mutation in the PTEN gene.

of the NSD1 gene, we identified 4 heterozygous mutations
(figs. 2A, 3A): 2 have already been reported in SoS pa-
tients, 1 is a novel missense mutation, and 1 is likely a
benign variation (table 1). In detail, the ¢.5950C>T nucle-
otide alteration in exon 19 was identified in twin sisters,
patients 9 and 10 (figs. 1B, C, 2A; table 1). The alteration
is predicted to cause an amino acid change from an argi-
nine residue in the NSD1 SET domain to a premature
truncation codon at position 1984, p.R1984X (fig. 3A). In
patient 11 (fig. 1D; table 1), we identified a novel
c.4779T>G alteration in exon 13 that is predicted to cause
an amino acid change from cysteine to tryptophan at res-
idue 1593 (p.C1593W) located between 2 PHD domains
(figs. 2A, 3A). This patient also has a novel c.1414C>T
(p.L472F) variation in exon 5 (fig. 2A). Bioinformatic
analyses using Polyphen, SIFT, Mutation taster, and
PMUT indicated only the variation p.C1593W to be
pathogenic, disease causing or not tolerated, and the al-
teration p.L472F is likely to be benign and polymorphic
in nature. In patient 17 (fig. 1E; table 1), a 4-nucleotide
deletion (c.5279delTCTG) in exon 15 was identified
(fig. 2A). The deletion is predicted to cause a frameshift
with Valine at residue 1760 as the first affected amino acid
(p-V1760Gfs*2) (fig. 3A). All 3 mutations were absent in
81 normal Hispanic control samples. These variants are
not reported in the 1000 Genome Project variation data
(http://www.1000genomes.org/data) or dbSNP (http://
www.ncbi.nlm.nih.gov/SNP).

We also screened the PTEN gene in all 21 patients and
identified 1 patient, patient 13, (fig. 1F; table 1) with a
novel heterozygous PTEN intragenic duplication inser-
tion of 7 nucleotides (¢.927_933dupAGATAAT) in exon
8 of the gene which was not identified in the healthy par-
ents (fig. 2B). The duplication insertion creates a frame-
shift from codon 312 of the 403-amino acid protein, with
premature termination at codon 313 (p.D312Rfs*2)

NSD1I and PTEN Mutations

(fig. 3B), and thus, this mutation is considered deleteri-
ous. The mutation is not reported in the 1000 Genome
Project variation data or dbSNP.

Discussion

All the recruited patients in this study fulfill the SoS
diagnostic criteria. Indeed, all the patients showed over-
growth, macrocephaly, intellectual disability, and the typ-
ical facial gestalt, except for patient 13, who presented
with a less severe SoS phenotype, which did not include
pre- and postnatal overgrowth. Of 21 patients, the NSD1
classical deletion was identified in 1 patient, heterozygous
NSDI mutations including a novel missense mutation
were found in 4 patients, and 1 patient had a heterozygous
duplication causing a novel frameshift mutation in the
PTEN gene (table 1).

NSD1 defects reported here, including the entire gene
deletion and 2 of the mutations identified in this report
(p.R1984X; p.V1760Gfs*2), have been previously report-
ed in patients with SoS, who specifically presented heart
anomalies [Cecconi et al., 2005; Tatton-Brown et al.,
2005]. In agreement with previous data, patients 9, 10 and
17 of the present cohort showed a classical SoS pheno-
type. However, due to limited available information, we
are not able to confirm the association of these mutations
and heart malformations in our patients. Similarly, a full
SoS clinical picture has been identified in patient 11, who
carried 2 novel missense mutations. However, the bioin-
formatic analyses suggest that only the p.C1593W altera-
tion is likely to be deleterious and pathogenic.

It is critical to note the detection of NSDI1 molecular
defects in our cohort of Brazilian SoS patients, namely
19%, and 10% in a study by Fagali et al. [2009] is very low
compared with findings in the European/American co-
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horts (70-93%). Only the Japanese population, to date,
shows such a low rate of mutations but with an elevated
rate of NSD1I deletions. Although the number of patients
included in our study (n = 21) and in the study reported
by Fagali et al. [2009] (n = 30) is too small, it is likely that
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DOI: 10.1159/000370169

ethno-geographical differences in NSDI alterations may
exist when patients with SoS from Europe and North
America are compared to South American patients. The
finding of a duplication located downstream from the
NSDI gene in a patient with classical SoS features [Kas-
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Fig. 3. A Schematic representation of 16 133 187 312 350
the domains contained in the NSD1 and B
B PTEN proteins illustrating mutations P-D3L2REs2
identified in patients with SoS features.

nauskiene et al.,, 2011] further suggests that the NSDI
gene screening should be extended beyond the coding re-
gion to capture all Sotos-associated variants.

As evident, genetic heterogeneity is not an uncommon
observation in patients with SoS. In addition, the large
clinical overlap among overgrowth syndromes makes it
difficult to give a precise diagnosis to several patients and
to suggest which genes should be analyzed. Although a
majority of patients in our study had classical features of
SoS, we identified a deletion and different mutations of
the NSDI gene in only 5 patients, suggesting a likely in-
volvement of other genes in the molecular etiology of pa-
tients with features of SoS. Indeed, one of our patients
(patient 13) had a novel frameshift mutation in the PTEN
gene, previously shown to be responsible for tumor/over-
growth disorders, and a previous report of the NFIX gene
mutation in 3 patients with Sotos-like overgrowth fea-
tures further strengthens the notion that the screening of
other genes is critical in patients lacking a defect in the
NSD1 gene.

Interestingly, patient 13 (table 1), a thirteen-year-old
female of consanguineous parents with an apparent clin-
ical diagnosis of SoS, is the only patient in the present co-
hort who presents with a less severe SoS phenotype that
does not include any sign of overgrowth except for mac-
rocephaly. Conversely, the presence of some features of
overgrowth, including macrocephaly, is well documented
in patients with PTEN mutations, and thus, the finding of
a novel PTEN mutation rather than a NSDI mutation in
this patient suggests phenotypic assessment is a good, but
not the best marker of the most likely causative gene.
However, in this patient, there were no apparent features
indicative of cancer or of mucocutaneous lesions that oc-

NSD1I and PTEN Mutations

cur in a high prevalence among patients with Cowden
syndrome [Eng, 1997; Pilarski, 2009]. PTEN may play a
significant role in a number of molecular pathways regu-
lating cellular proliferation, migration and apoptosis — all
processes that are important in the regulation of normal
cellular growth [Eng, 1997]. Whereas the PTEN gene is
involved in many important biological processes, muta-
tions and polymorphisms in this gene should be investi-
gated in patients with disorders of cell growth, like cancer,
and also in patients where overgrowth features are linked
to intellectual disabilities, where growth and maturation
of the central nervous system may be affected.

While identification of the causative gene and a de-
finitive diagnosis in children with overgrowth is impor-
tant, some syndromes with this characteristic can in-
crease the risk for cancer as well. Bearing this fact in mind,
better recurrence risk counseling can be offered to the
families [Tamguney and Stokoe, 2007].

Our findings further emphasize the genetic heteroge-
neity associated with SoS and expand a role for the PTEN
gene in overgrowth/intellectual disability syndromes.
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