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Abstract

Overgrowth-intellectual disability (OGID) syndromes are clinically and genetically
heterogeneous group of disorders. The aim of this study was to examine the molecu-
lar etiology and long-term follow-up findings of Turkish OGID cohort. Thirty-five chil-
dren with OGID were included in the study. Single gene sequencing, clinical exome
analysis, chromosomal microarray analysis and whole exome sequencing were per-
formed. Five pathogenic copy number variants were detected in the patients; three
of them located on chromosome 5g35.2 (encompassing NSD1), others on 9922.3 and
22q13.31. In 19 of 35 patients; we identified pathogenic variants in OGID genes
associated with epigenetic regulation, NSD1 (n = 15), HISTIH1E (n = 1), SETD1B
(n = 1), and SUZ12 (n = 2). The pathogenic variants in PIK3CA (n = 2), ABCC9 (n = 1),
GPC4 (n = 2), FIBP (n = 1), and TMEM94 (n = 1) which had a role in other growth
pathways were detected in seven patients. The diagnostic yield was 31/35(88%).
Twelve pathogenic variants were novel. The common facial feature of the patients
was prominent forehead. The patients with Sotos syndrome were observed to have
milder intellectual disability than patients with other OGID syndromes. In conclusion,
this study showed, for the first time, that biallelic variants of SUZ12 caused Imagawa-
Matsumoto syndrome, monoallelic variants in SETDIB resulted in OGID. Besides
expanded the phenotypes of very rare OGID syndromes caused by FIBP and
TMEM94.

KEYWORDS
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developmental delay (DD)/intellectual disability (ID), behavioral disor-
ders and increased risk of neoplasia (Baujat et al., 2005; Brioude

Generalized overgrowth is defined as height and/or head circumfer-
ence above 2 standard deviation (SD) for age- and sex-matched con-
trols of the population (Baujat et al., 2005). Overgrowth-intellectual
disability (OGID) syndromes are diagnosed when excessive growth is
accompanied by facial dysmorphism,

congenital anomalies,

et al., 2019; Neylon et al., 2012). The etiology of OGID syndromes is
heterogeneous. The most important mechanism in overgrowth is the
disruption of epigenetic regulation; DNMT3A (MIM # 602769), NSD1
(MIM#606681), HISTIH1E (MIM#142220), SETD2 (MIM#612778),
EED (MIM#605984), EZH2 (MIM#601573), and SUZ12 (MIM#
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606245) are the genes involved in histone modification, chromatin
modeling, or DNA methylation, causing OGID. Sotos syndrome
(MIM#117550), caused by NSD1 mutations, is the most common form
of OGID syndromes with an incidence of 1/14,000 live births. Clinical
findings are characterized by learning disability and distinctive facial
appearance consisted of long face, broad and prominent forehead,
sparse frontoparietal hair, and long chin (Tatton-Brown et al., 2019).
The EZH2, EED, and SUZ12 genes encode proteins that contain core
components of polycomb repressive complex 2 (PRC2) that play an
essential role in gene silencing. PRC2-related overgrowth syndromes
include Weaver syndrome (MIM#277590), Cohen-Gibson syndrome
(MIM#617561), and Imagawa-Matsumoto syndrome (MIM #618786),
caused by mutations in EZH2, EED, and SUZ12, respectively. These
three syndromes have overlapping clinical characteristics such as pre-
natal and postnatal overgrowth, advanced bone age, musculoskeletal
abnormalities, distinctive craniofacial features, and variable intellectual
impairment (Cyrus, Burkardt, et al., 2019). Dysregulation of cell cycle
is another cause of OGID syndromes. PISK/AKT/mTOR pathway
plays an important role in cell cycle regulation, and PIK3CA
(MIM#171834) mutations cause PIK3CA-related overgrowth spectrum
(Burkardt et al, 2019; Edmondson & Kalish, 2015; Kamien
et al., 2018; Malan et al., 2010; Tatton-Brown et al., 2017; Tatton-
Brown & Weksberg, 2013).

In a recent study, chromosomal microarray (CMA) approach was
proposed as the primary test in the diagnosis of the patients with gen-
eralized overgrowth without a recognizable phenotype and empha-
sized that some microdeletion or microduplication syndromes such as
5g35.3 deletion and 15926 duplication are often associated with
overgrowth (Kamien et al., 2018). Next-generation sequencing tech-
nology has allowed the identification of novel OGID syndromes, such
as disorders caused by biallelic TMEM94 and FIBP mutations
(MIM#618306 and MIM#617107), and has led to the identification of
other underlying pathophysiological pathways (Akawi et al., 2016;
Stephen et al., 2018; Thauvin-Robinet et al., 2016). Although over-
growth syndromes are mostly autosomal dominant inheritance, auto-
somal recessive inheritance has also been reported, including biallelic
mutations in HERC1, DIS3L2, and FIBP (Akawi et al., 2016; Burkardt
et al., 2019).

The aim of this study is to investigate the genetic etiology of a
Turkish cohort with OGID syndrome, consisted of 35 patients, and to
evaluate the long-term clinical features of the patients, and their
genotype-phenotype correlation.

2 | METHODS

21 | Patients

A total of 35 individuals (25 boys and 10 girls) with overgrowth,
DD/ID/autism spectrum disorders and facial dysmorphism were
included in the study. Patients with length and/or weight above 2 SD
at birth were considered as macrosomia. Patients with height and/or

head circumference above 2 SD for age- and sex-matched controls for
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Turkish population were also included in the postnatal period. This
cohort was selected among the patients followed by one single pedi-
atrics geneticist, during the last 20 years, in a reference center for rare
genetic syndromes. Beckwith-Wiedemann syndrome, isolated seg-
mental overgrowth, and metabolic and endocrine disorders were were
excluded. Clinical and radiological findings were assessed at diagnosis
and in the follow up. Height, weight, and head circumference were
measured by a pediatrician, and standard deviation scores (SDS) of
anthropometric measurements were obtained. SDS was calculated by
using a national pediatric calculator loaded with national standards
(https://www. ceddcozum.com). The Denver Developmental Screen-
ing Test Il (DDST) or the WISC-R were used to assess developmental
delay and intellectual disability. Signed informed consent and the per-
mission for the publication of clinical information and the photos of
children were obtained from the parents. The Ethics Committee of
Cerrahpasa Medical Faculty at Istanbul University-Cerrahpasa
approved this study (no: 53729, 13.04.2020).

2.2 | Genetic studies and algorithm

Genomic DNA was extracted from peripheral blood cells of the
patients and parents using standard techniques. Initially, single gene
sequencing or clinical exome analysis was performed in 20 patients
clinically diagnosed with known single gene disorders (Figure 1). CMA
was performed in 16 patients without a specific clinical diagnosis or
without any mutation in gene sequencing. Whole exome sequencing
(WES) was performed in 13 patients: 12 patients without pathogenic
copy number variations in microarray analysis and one patient who
did not undergo CMA since it was compatible with autosomal reces-
sive inheritance. The confirmation of the detected pathogenic variants
by WES and segregation analysis in the families were performed by

Sanger sequencing.

221 | Sequencing of NSD1, ABCC9, and PIK3CA
The primers specific for all coding regions, and exon-intron junctions
of NSD1, ABCC9, and PIK3CA were designed. After PCR amplification,
amplicon-sequencing reactions were performed on lllumina Miseq
platform. The data were analyzed by using NextSeq500 (lllumina)
system.

2.2.2 | Chromosomal microarray analysis

For detection of copy number variations, microarray studies were per-
formed using CytoScan Optima Array Kit from Affymetrix. The 320 K
kit (320,000 probes) has an overall median probe spacing of 13 kb. All
procedures were carried out according to the manufacturer's protocol.
Genomic positions were based on the UCSC February 2009 human
reference sequence (hg19) (NCBI build 37 reference sequence

assembly).
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FIGURE 1

223 | Whole exome sequencing

WES was performed on the genomic DNA of the proband and
sequenced on the Novoseq platform (lllumina) and CentoXome®
MOx Solo (Centogene). Sequences were aligned to the human
genome GRCh37/hgl19 with BWA-MEM. Variant calls were made
with GATK Haplotype Caller and annotated with ANNOVAR. The
average sequencing depth was greater than 20 times and the ratio
of loci covered was >98%. For variants that had high quality
sequence reads (a genotype quality [GQ] 220 and MAF <1072
across all samples in gnomAD) were included. The pathogenicity of
the variants was determined using the guidelines of the American
College of Medical Genetics and Genomics (ACMG; Richards
etal., 2015).

2.24 | Sanger sequencing

The confirmation of pathogenic variants found by WES analysis and
segregation analysis were performed by Sanger sequencing using an
ABI PRISM 3500 genetic analyzer (Applied Biosystems, Foster City)
and was analyzed with Cutepeaks (https://github.com/labsquare/

cutepeaks).

2.3 | Statistical methods

The statistical analyses were performed using IBM Corp. SPSS Statis-
tics® version 21.0. Results were presented as mean = SD or median
(min-max value). Mann-Whitney U test was performed to compare

mean or median values between groups. Categorical values were
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Thauvin-Robinet-Faivre (n:4)

syndrome (n:1)

Keipert syndrome (n:2)
IDDSELD syndrome (n:1)
Imagawa-Matsumoto
Syndrome (n:1)

Sotos syndrome (n:1)

Flowchart of the approach used in this study to investigate a group of patients with overgrowth

compared with chi-square and Fisher's exact test. The probability
value (p-value) less than 0.05, was considered as statistically
significant.

3 | RESULTS

The male to female ratio was 2.5. Thirty-one patients were followed
up for 1.34-18.8 years and the median follow-up duration was
6.8 years.

3.1 | Molecular studies

Molecular etiology was identified in 31/35 (88%) patients. A 6 Mb
microdeletion of the chromosomal region 22q13.31 containing
SHANKS3 in one patient and a 4.5 Mb microdeletion in the 9g22.32
domain in another patient were found by CMA. Three patients had a
5g35.2935.3 microdeletion involving NSD1; 1.4 Mb, 1.5 Mb, and
19 Kb (Table 1).

Fourteen variants were identified in the NSD1, including five non-
sense, four frameshift, two missense, and three splice-site variants
(Table 2). Eight of these were novel. A missense ¢.2176G>A variant
was detected by sequencing of the PIK3CA from skin sample in a
patient who was clinically diagnosed as Megalencephaly-capillary
malformation-polymicrogyria syndrome. A missense c.3461G>A vari-
ant in ABCC9 was also found in a boy with Cantu syndrome.

Eight different OGID syndrome related genes were identified in
nine patients by WES analysis. Two patients from different families
had hemizygous pathogenic variants in GPC4 inherited from their

unaffected mothers (Table 2). Heterozygous de novo variants in the
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Pathogenic copy number variants identified in five patients

TABLE 1

ACMG

Main

Copy number
variation

Genetic
test

Patient

Syndrome
9q22.3

classification*

candidate gene

PTCH1

Coding genes

Size (genomic position-Hg19)

4.5 Mb

number

Pathogenic

FBP1, C9orf3, FANCC, 5 miRNAs PTCH1, FOXE1,

9422.32922.33

CMA

microdeletion

..., ZNF782) (66 genes)

449,977)

514_101

(96,893,

x1

Mb
(45,099,
1.5Mb

deletion

Phelan-

Pathogenic

SHANK3

vee

UPK3A, TAFA5, SHANKS, SCO2, CELSR1,

22q13.31g13.33 6

CMA

McDermid

PPARA) (94 genes)
MIR4281, DDX41, NSD1, F12, SLC34A1,

,197,839) x1

825 51

deletion
5q35.2935.3

Sotos

Pathogenic

NSD1

CMA

CDHR2 (42 genes)

_177,082,381)

150_177

(175,571,

x1
1.4 Mb

deletion

Sotos

Pathogenic

NSD1

55

MIR4281, DDX41, NSD1, F12, SLC34A1,

5¢35.2935.3

CMA

CDHR2 (41 genes)
MXD3, RAB24, PRELID1, NSD1 (4 genes)

(175,750,397_177,136,290)x1

19Kb

deletion
5g35.3 deletion

Sotos

Likely Pathogenic

NSD1

WES

_176,738,856)x1

955_176

(176,718,

Abbreviations: CMA, chromosomal microarray analysis, WES, whole exome sequencing,

2The clinical significance of variants was determined per ACMG classification using the Franklin Genoox tool.
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PIK3CA, HIST1H1E, and SETD1B were described in P23, P24, and P29,
respectively. P25, P26, and P30 had biallelic variants in TMEM94,
FIBP, and SUZ12. Their parents were heterozygous for these variants;
the novel biallelic inframe deletion variant in SUZ12 in P30 was also

found in his affected sibling (P31; Table 1). No pathogenic variant was
found by WES in four patients.

3.2 | Clinical findings

3.21 | The patients diagnosed with CMA

P1 had prenatal-onset overgrowth, DD, cardiovascular and skeletal sys-
tem abnormalities, and distinct facial features (Table 3, Figure 2e,f) who
had a 4.5-Mb microdeletion in the 9922.3. P2 had a Sotos syndrome-like
phenotype, low pain sensitivity, and dystrophic toenails (Figure 2g,h). A
6-Mb microdeletion was detected in the 22q13.31 region containing the
SHANKS3 gene, and a Phelan-McDermid syndrome was diagnosed.

3.2.2 | Sotossyndrome

Sotos syndrome was detected in 18 patients (13 boys and five girls). The
median age of diagnosis was 3.3 years (range: 0.34-13.9 years). The six
patients were diagnosed before the age of one. The mean SDSs of birth
length, weight, and head circumference of the patients were 1.42 + 1.06,
1.21 + 1.85 and 1.63 + 1.81, respectively. Patients were followed for a
median of 6.84 years (range: 1.34-18.8). While the mean head circumfer-
ence and height of the patients were 2.16 + 1.67 and 2.32 + 1.57 SDS at
the first examination, they were 2.62 + 1.35 and 2.31 + 1.41 SD at the last
visit. Fetal macrosomia was detected in eight patients (Table S1). The
detailed clinical and craniofacial findings are described in Tables S1 and
S2, respectively. The long face, broad forehead, and pointed chin were
seen in all patients (Figure 2a-d, Table 3 and Table S2).

While 15 patients had mild developmental delay (DQ = 52-80),
P3, P4, and P5 with 5935 microdeletions had moderate DD (DQ:
48, DQ: 43 and 1Q:46). Other clinical findings of the patients were
similar in different mutation types were revealed in Table S1. Autistic
features were seen in four, attention deficit in four, aggressive behav-
jor in one, and self-mutilation in one patient. Delay of speech were
observed in 13 patients (72%). Infantile hypotonia was detected in
seven cases. Seizures were seen in 44% of the patients.

Advanced bone age was found in 13 (72%), delayed bone age also
was observed in two patients. Cardiac anomalies were detected in
seven patients (39%). Likewise, genitourinary abnormalities were
noted in seven of them (39%). No tumors were detected in the

patients during their follow up (mean 6.84 years).

3.23 | Cantusyndrome

Cantu syndrome was clinically diagnosed in P21 with prenatal over-

growth, prominent facial appearance, hypertrichosis, hypertrophic
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(Continued)

TABLE 3

Other overgrowth syndromes

Megalencephaly-

capillary malformation-

polymicrogyria

Imagava-Matsumoto

P value**

Total Overall (n:31)

syndrome

Keipert syndrome IDDSELD

Thauvin-

syndrome

Phelan-

9422.3 micro-

syndrome
(P29)

Robinet-Faivre

syndrome (P25) syndrome (P26) (P27)

IDDCDF

Rahman
(P23) syndrome (P24)

McDermid

deletion

Sotos

Diagnoses/ Patient

number

(P31)

(P30)

(P28)

(P22)

syndrome (P1) syndrome (P2) Cantu syndrome (P21)

syndrome (n:18)

0.12

10/31

NA 2/13

+

8/18

Pes planus

18/31 0.001

NA 3/13

15/18

Large hands and/or

feet

14/31 0.40

NA  7/13

7/18

Cardiovascular

abnormalities

(total)

12/31 0.98

NA 5/13

7/18

Genitourinary

abnormalities

Note: Intellectual developmental disorder with cardiac defects and dysmorphic facies; IDDCDF syndrome (OMIM* 618163), Intellectual developmental disorder with seizures and language delay; IDDSELD (OMIM* 611055).

Abbreviations: F, Female; HC, head circumference; M, male; N, normal; NA, not available; SDS, standard deviation scores.

2Shows the statistical analysis of between Sotos syndrome and other OGID groups.

cardiomyopathy, umbilical hernia, and skeletal findings, including nar-
row thorax, broad ribs, ovoid vertebral bodies, hypoplastic acetabuli,

coxa valga, and hallux valgus (Table 3).

3.24 | Megalencephaly-capillary malformation-
polymicrogyria syndrome
Megalencephaly-capillary  malformation-polymicrogyria syndrome
(MCAP) was clinically diagnosed in P22, who exhibited severe macro-
cephaly since birth, facial dysmorphism, capillary hemangioma, and
lateralized overgrowth (Table 3).

3.2.5 | The patients diagnosed with WES
Heterozygous mutation in PIK3CA, HIST1H1E, and SETD1B caused
MCAP syndrome in P23, Rahman syndrome in P24 (Figure 2i,j) and
Intellectual developmental disorder with seizures and language delay
(IDDSELD) in P29 (Figure 2k,l), respectively. Hemizygous pathogenic
variants in GPC4 caused Keipert syndrome in P27 and in P28
(Figure 2m,n). All of them had dysmorphic craniofacial features, vary-
ing degrees of developmental delay and intellectual disability with cra-
nial MRI abnormalities (Table 3). P25 with Intellectual developmental
disorder with cardiac defects and dysmorphic facies (IDDCDF) syn-
drome (Figure 20,p) had prenatal-onset overgrowth, dysmorphic facial
features, advanced bone age, scoliosis, pectus excavatum, and inguinal
hernia. P26 with Thauvin-Robinet Faivre syndrome (Figure 2q,r) pre-
sented at the age of 6.5 months with macrocephaly, DD, pectus exca-
vatum, inverted nipples, umbilical hernia, and coxa valga (Table 3). Tall
stature developed over time in childhood.

The sibling (P30 and P31) with Imagawa-Matsumoto syndrome
had a round face, prominent forehead, hypertelorism, epicanthal fold,
micrognathia, and full cheeks in infancy (Figure 3a,f-h). However, an
elongated triangular face and a beaked nose developed over time in
Patient 30 (Figure 3a-c). They also had skeletal system findings such
as elbows/knees contractures, elbow dislocation, camptodactyly, coxa
valga and advanced bone age (Figure 3d,e,j). The most severe devel-
opmental delay was observed in P30; he sat independently at about
5 years of age, could never walk independently, and could speak only

two words.

3.3 | Four patients without molecular diagnosis

P32 had overgrowth, ID, epilepsy, autistic and aggressive behavior,
and facial dysmorphism (Figure 4a,b). His parents were first cousin
and there were many individuals with ID in his family whose growth
patterns were not known. P33 had infantile hypotonia, overgrowth,
ID, pectus excavatum, hypermobile elbows, camptodactyly, partially
webbed fingers, ventriculomegaly and corpus callosum agenesis, ure-
stenosis, and dysmorphic facial features

teropelvic junction

(Figure 4c). P34 had prenatal overgrowth, DD, Weaver syndrome-like
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FIGURE 2 Facial photographs of the patients with Sotos syndrome and other OGID syndromes. First row: photographs of patients with Sotos
syndrome at different ages (a-d), and patient 1 with 9g22.3 microdeletion syndrome (e, f). Patient 3 at the age of 6.5 months (a), patient 10 at the age
of 4 years (b), patient 9 at the age of 4 and 19 years (c, d). The distinctive facial appearance was seen in patients with Sotos syndrome; long face, broad
forehead, hypertelorism, mild down slanting palpebral fissures, and pointed chin (a-d); sparse hair in the frontoparietal area, small nose and nasal tip (a,
b). Note that a long and narrow face in childhood enlarges over time (c, d). Patient 1 with 9922.3 microdeletion syndrome has coarse face, high broad
forehead, frontal bossing, hypertelorism, epicanthal folds, long philtrum, and sagging cheeks (e, f). Second row: Patient 2 with Phelan-McDermid
syndrome at the age of 2.5 years (g, h); patient 24 with Rahman syndrome at the age of 6 years (i), and 18 years (j); patient 29 with IDDSELD syndrome
at the age of 1.5 years (k), and 11.5 years (l). Patient 2 is exhibiting Sotos-like phenotype with sparse hair, long face, broad forehead, mild downslanting
palpebral fissure, and hypertelorism (g, h). Patient 24 had full cheeks, high frontal hairline, bitemporal narrowing, deep-set eyes, hypertelorism, and
prominent metopic suture (i, j). Patient 29 had bifrontal narrowing, smooth philtrum (I), and also elongation of the face with age are notable (k, ). Third
row: Patients 27 and 28 with Keipert syndrome at the age of 4.5 years (m) and 2 years (n), respectively; patient 25 with IDDCDF syndrome at the age of
2 years (o), and 8 years (p), patient 26 with Thauvin-Robinet-Faivre syndrome at the age of 3.5 years (q), and 18 years (r). Patients 27 and 28 had flat
face, high-broad forehead, hypertelorism, small nose, short philtrum, antevert nares, wide mouth, and micrognatia (m, n). Patient 25 has long and coarse
face, prominent metopic suture, hypertelorism, epicanthal folds, large pinnae, short palpebral fissure, and micrognatia (o, p). Patient 26 had triangular
face, hypertelorism (g, r) also deep-set eyes and thick eyebrows became evident with age (q, r)

facial features, kyphoscoliosis, joint contractures (elbows, knees),
advanced bone age, and a high pitched voice (Figure 4d,e). After the
age of 6.5, she became unable to walk and dependent on a wheel-

chair. P35 had the Sotos syndrome-like phenotype (Figure 4f).

4 | DISCUSSION

Although the new OGID syndromes have been described in recent
years, the molecular etiology is still unknown in approximately 50%
(Tatton-Brown et al., 2017). In a study with overgrowth syndrome, 42%
were diagnosed with exome sequencing and CMA; Of these, 53% had

mutations in genes involved in epigenetic regulation (Moirangthem
et al., 2021). The diagnostic yield of WES, targeted gene sequencing
and CMA in our OGID syndrome cohort was 88%; pathogenic variants
in genes were associated with epigenetic regulation in 22/31 patients
(70.9%), of which 81.8% were Sotos syndrome. The high diagnosis rate
in our cohort can be explained by the clinically easily recognizable Sotos
syndrome, which constitutes more than half of all our patients.
Recently, overgrowth syndromes have been classified into three
groups according to the underlying mechanisms; (1) Inborn errors of epi-
genetic regulation and associated transcription factors; (2) The PI3K-
AKT-MTOR signaling pathway; (3) Genes associated with other func-
tional pathways (Burkardt et al., 2019). We discussed the results of our

858017 SUOWIWIOD dA 181D 3qeot dde au Aq peusenob a.e saolie YO ‘SN JO SNl 1oy Afeid18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 I ARe.ql Ul U0//ScIY) SUOTPUOD PUe swie | 8u) 89S *[6202/.0/TZ] Uo AkiqiTauliuo A8|im ‘AiseAlN A wely |-wzeg Aq 08TE9 e Bufe/z00T 0T/10p/Wo0 A8 im Afe.d 1 jpuluoy/:sdny Wwoly papeo|umod ‘9 ‘€202 ‘SE8r2SST



1540 AMERI'CAN JUURNAL'UF PART
—|—Wl L EY—medical genetics

YUKSEL ULKER ET AL.

.

€.1239_1241delCAA

(N

. Al

PEAVAVAUAV VAV VVAVAVA
A P

m2 m3 .4

mws - me

FIGURE 3 Photographs of Patients 30 and 31 (two siblings) with a biallelic mutation in SUZ12. Patient 30 at the age of 4 months (a), and

7 years (b, c); patient 31 at the age of 3 months (f), and 1 year (g, h). Two siblings had a round face, prominent forehead, hypertelorism, epicanthal
fold, micrognathia, and full cheeks in their infancy period (a, f), and an elongated face and beak-shaped nose developed in patient 30 over time (b,
c). Contractures in the elbow and knee (d, e), and camptodactyly (j) were observed in Patient 30 at the age of 7 years. Pedigree of the family (k),
and Sanger sequencing and segregation analysis (I) of the SUZ12 variant. Chromatogram was arranged from top to bottom as proband, affected
sibling, mother, and father, probands were homozygous and parents were heterozygous for the c.1239_1241delCAA SUZ12 variant

cohort in three groups as microdeletion syndromes, disorders in epige-

netic mechanisms, and disorders in genes involved in other pathways.

4.1 | Microdeletion syndromes
Prenatal-onset overgrowth was reported in 20% of patients with
9g22.3 microdeletion syndrome, characterized by developmental delay

and basal cell nevus (Gorlin) syndrome symptoms (Muller et al., 2012).

FIGURE 4 Photographs of patients
without a molecular diagnosis. First row:
Patient 32, a 4.5-year-old boy, had a flat
face, thin eyebrows, long palpebral
fissures, hypertelorism, high nasal bridge,
thick nasal alae, and wide earlobes (a, b).
Patient 33 had hypertelorism, low nasal
bridge, and thick nasal alae at the age of
4.5 years (c). Second row: patient 34 at age
of 4 years (d), and 13 years (e); she had
coarse and long face, downslanting
palpebral fissures, hypertelorism, and
large ears. The prominent ears, elongation
of the face and chin with age are notable
(e). Patient 35 had triangular face,
frontoparietal sparse hair, frontal bossing,
broad forehead, capillary hemangioma at
the forehead, and pointed chin at the age
of 3 years (f)

Among the 9g22.3 microdeletion patients with overgrowth and/or
macrosomia, a 550 Kb region encompassing PTCH1, C%orf3, FANCC,
and five miRNAs has been reported to be the most frequently deleted
common region (Yamada et al., 2020). This region was also deleted in
our Patient 1 with 9922.3 microdeletion syndrome. At the last examina-
tion, she was 3.9 years old and had no signs of Gorlin syndrome.
Phelan-McDermid syndrome is a neurodevelopmental disorder
caused by SHANK3 deletions or mutations on 22g12.31. A recent
study reported that 31.9% of patients with Phelan-McDermid
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syndrome had overgrowth and the patients with a large deletion 22q
encompassing with SHANK3 had a higher overgrowth rate than those
with an intragenic variant (Nevado et al., 2022). Our patient with this
syndrome had a Sotos syndrome-like facial features such as long face,
high-broad forehead, sparse hair, hypertelorism, and pointed chin.

In addition, 1.5 and 1.4 Mb microdeletions covering NSD1 in the
5935 domain were detected by CMA in two patients with Sotos syn-
drome, and 19Kb deletion was by WES in one.

4.2 | Syndromes due to defect in epigenetic
regulation
421 | Sotossyndrome

Sotos syndrome resulting from the 5935 microdeletion is rare outside
the Japanese population and accounts for approximately 10% of all
affected individuals (De Boer et al., 2004; Tatton-Brown et al., 2005;
Tony et al., 2005). We found pathogenic variants in 18 patients in
NSD1 (Table 2); 5q35 microdeletion was found in three patients
(17%), and 15 (83%) intragenic mutations in NSD1, all of them de
novo. The protein truncating mutations were found to be scattered
throughout the gene with the majority in exons 5 (5/12; 42%),
whereas the two missense mutations were in the functional domains.
It had been reported that missense NSD1 mutations were pathogenic
only if they occurred in the functional domain (Tatton-Brown
et al., 2005).

Although Sotos syndrome was usually associated with prenatal
onset overgrowth, 56% of our patients did not have overgrowth at
birth (Saugier-Veber et al., 2007; Tatton-Brown et al., 2005). Foster
Alison et al. reported that macrocephaly was usually present at any
age, but height might normalize in adulthood and the median height in
adult female was +1.9 SD and male +0.5 SD (Foster et al., 2019). Of
our two patients who reached adult height, the height SDS of the
19.5-year-old male patient normalized after 10 years of age. Con-
versely, we detected the height SDS of the 14.3-year-old female
patient as +3.25 in her last examination.

The facial features are the most specific diagnostic criterion for
Sotos syndrome (Allanson & Cole, 1996; De Boer et al., 2004; Tatton-
Brown et al., 2019). In our study, long face, broad forehead, and
pointed chin were seen in all patients. We also observed in our
patients that long and narrow face in childhood enlarged over time, as
reported in the literature (Tatton-Brown et al., 2019).

Consistent with the reported studies, our three patients with a
5035 microdeletion had lower DQ/IQ values than patients with an
intragenic mutation, while other clinical findings were similar in both
groups (Saugier-Veber et al., 2007; Tatton-Brown et al., 2005; Tony
et al., 2005). We found MRI findings in 61% of the patients; detailed
neuroimaging findings of our six patients had already been presented
before (Turkmen et al., 2015). Genitourinary (38%) and cardiac system
anomalies (38%) were higher in this study than those reported in the
literature (De Boer et al., 2004; Saugier-Veber et al., 2007; Tatton-
Brown et al., 2005).
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Individuals with Sotos syndrome also tend to tumorigenesis (3%),
such as sacrococcygeal teratoma, neuroblastoma, and presacral gang-
lioma in childhood (Tatton-Brown et al., 2019). However, we did not
detect any malignancy in our cohort followed up to a median of

6.8 years of age.

4.2.2 | Rahman syndrome

This syndrome caused by HISTIH1E mutation is characterized by dys-
morphic face, hypotonia, intellectual disability, behavioral disorders
and skeletal, cardiac, endocrine, and ectodermal abnormalities
(Tatton-Brown et al., 2017). The 1.5 year-old boy, in whom we found
known c.441dupC mutation in HISTIH1E, had typical facies, campto-
dactyly, DD and advanced bone age; type 2 diabetes mellitus and
hepatosteatosis developed during follow up. The growth pattern of
individuals with Rahman syndrome is characterized by a height that is
above average in infancy which becomes closer to average over time
(Takenouchi et al., 2018). Flex et al. reported that 63% (12/19) of
patients had macrocephaly (Flex et al., 2019). Our patient was fol-
lowed up to adulthood; While his macrocephaly continued, his height

had regressed to within normal limits.

423 | |IDDSELD syndrome

A known heterozygous variant in SETD1B was found in one of our
patients with overgrowth, infantile hypotonia, intellectual disability,
and facial dysmorphism. SETD1B has not been described among the
genes associated with overgrowth syndromes, so far. However, previ-
ous studies have reported overgrowth in individuals with de novo
microdeletion in the 12g24.3 region encompassing SETD1B (Baple
et al, 2010; Qiao et al., 2013). It has been reported that 17 of
36 patients with overweight/obesity (17/36) and three with macroce-
phaly in a cohort with SETD1B (Weerts et al., 2021). Macrosomia and
macrocephaly persisted in the patient, who was followed up from the
infantile period to the age of 11 years. Based on this information, we

suggest that SETD1B mutations may also cause overgrowth.

424 | Imagawa-Matsumoto syndrome

To date only 13 patients with monoallelic SUZ12 variants have been
reported in patients with overgrowth, facial dysmorphism, and
DD/ID (Cyrus, Cohen, et al., 2019; Imagawa et al., 2017; Imagawa
et al., 2018). We identified a novel biallelic variants in the Zn domain
of SUZ12 in two sibs. Although this biallelic variant was considered
to be of uncertain significant according to ACMG criteria, it was
accepted as causing a disease since it was found to be heterozygous
in both parents and located in the zinc finger domain which was
responsible for binding PRC2 to DNA and RNA. Cyrus, Cohen, et al.
(2019) reported that some heterozygous carriers seemed to be unaf-

fected or mildly affected. In our family severe motor and mental
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retardation were detected in the patients, while their parents who
were heterozygous carriers were observed to have normal intelli-
gence. The siblings had a round face, micrognatia and full cheeks in
their infancy similar to reported patients. However the 7-year-old
elder brother had an elongated face, beak-shaped nose, elbow dislo-
cation, and severe contractures in the elbow and knee which were
described in  the (Imagawa

not  previously literature

etal., 2017, 2018).

4.3 | Syndromes resulting from defects in genes
involved in other growth pathways

43.1 | PIK3CA-related overgrowth spectrum

This spectrum ranges from isolated macrodactyly to generalized over-
growth. PIK3CA variants usually occur in the mosaic state, but germ-
line variants have also been reported in 13 patients to date (Riviére
et al., 2012; Zollino et al., 2019). In this study, we identified two het-
erozygous missense variants in PIK3CA; One of them was found in
blood sample of the P23. The germline variants of PIK3CA were
reported to be associated with a mild phenotype (Zollino et al., 2019).
Our patient had macrocephaly, macrosomia, mild DD and a few minor
dysmorphic features. A 9-year-old girl with the same mutation as in
our patient, in a mosaic state, presented a more severe cranial and
vascular involvement (Riviére et al., 2012). However, the patient in
whom we detected somatic mutation had only macrocephaly and cap-

illary malformation.

43.2 | Keipert syndrome

The GPC4 has been mapped to Xg26 and encodes a proteoglycan
structurally similar to that of GPC3. Further, the coding sequences of
GPC3 and GPC4 are located closely, with exon 1 of GPC4 adjacent to
the 3-prime end of GPC3. Some studies reported that rearrangements
(deletion or duplication) in GPC4 can cause SGBS-like phenotype
(Amor et al., 2019; Schirwani et al., 2019; Veugelers et al., 1998;
Waterson et al., 2010). We identified two different variants in GPC4
in two male patients. They had overlapping craniofacial features with
SGBS-1, which is caused by GPC3 mutations and had relative macro-
cephaly, although one of them had severe growth retardation due to

chronic kidney disease.

4.3.3 | Thauvin-Robinet-Faivre syndrome

This syndrome is caused by biallelic mutations in FIBP, which
encodes an intracellular protein that binds to acidic fibroblast growth
factor (aFGF). It is presumed that FIBP might be associated with a
mitogenic action (Akawi et al., 2016). To date, only four patients
(three sibs and an unrelated boy) with a biallelic mutation in FIBP

have been reported (Akawi et al., 2016; Thauvin-Robinet

et al.,, 2016). We detected a frameshift biallelic variant in FIBP in our
patient who had overgrowth, mild intellectual disability and facial
findings similar to previously reported patients. He was graduated
from vocational high school at the age of 19. While macrocephaly
was not detected in reported three siblings, our patient had macro-
cephaly, consistent with the first reported patient. We noticed thick
eyebrows in reported patients, similar to our patient, which might be
a characteristic feature of the syndrome (Akawi et al., 2016;
Thauvin-Robinet et al., 2016).

434 | |IDDCDF syndrome

We identified a biallelic pathogenic variant in TMEM9%4 in a boy who
was 2.2 year-old with a severe speech delay and facial dysmorphism
similar to reported two Turkish patients who had the same mutation
(Stephen et al., 2018). TMEM94 has not been identified among genes
associated with OGID syndromes, however, 6 out of 10 patients
reported so far have had overgrowth similar to ours (Stephen
et al., 2018). Also, TMEM94 is known for the possible interaction with
FIBP caused by Thauvin-Robinet-Faivre syndrome (Xu et al., 2014).
Therefore, we suggested that the biallelic TMEM94 mutation could be
evaluated among the OGID syndromes. In our patient, who was fol-
lowed up to the age of 7.7, the height, weight and head circumference
SDS progressed to +4.1, +3.7 and +3.3, respectively.

43.5 | Cantusyndrome

A known pathogenic monoallelic variant in ABCC9 was found in a
patient with hallmarks features for Cantu syndrome. Cantu is a chan-
nelopathy due to pathogenic variants in ABCC9, characterized by
hypertrichosis, coarse facial features, cardiovascular abnormalities and
characteristic skeletal findings. Many of them have macrosomia and
macrocephaly, usually present at birth with findings which typically
persists throughout life with a developmental delay (63%) (Grange
et al., 2019). We identified that unlike previous reports our patient
had no DD.

We also compared the patients with Sotos syndrome and other
OGID syndromes, the advanced bone age and large hands/feet
were more significant in the patients with Sotos syndrome
(p = 0.02 and 0.001, respectively). The long face, high-arched pal-
ate, and pointed chin were also significantly higher in the patients
with Sotos syndrome (Table 3). High broad forehead was present in
all patients except the P21, P25, and P29. Although the difference
was not statistically significant, the mean of height, weight, and
head circumference were higher in the group with other OGID syn-
dromes than the patients with Sotos syndrome at birth, while these
values were higher in patients with Sotos syndrome at the last
examination (Table 3). However, patients with Sotos syndrome had
mild DD/ID (DQ/IQ: median 69, range 43-82) while those with
other OGID syndromes had moderate (DQ/IQ: median 50, range
30-90).
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5 | CONCLUSION

We compared the rate, genetic and clinical characteristics of the over-
growth syndrome types in patients who were followed in a single ref-
erence center during 20 years. Molecular diagnosis rate was 88%.
CNVs were found in five patients, three of them had 5935 microdele-
tion encompassing NSD1. 22g13.31 and 9g22.3 microdeletions were
detected in two. Seven very rare OGID syndromes were described by
WES. Twelve novel mutations were described in genes NSD1, FIBP,
GPC4, and SUZ12. For the first time, biallelic variants in SUZ12 were
described as the cause of Imagawa-Matsumoto syndrome in this
study. We also proposed that a mutation in SETD1B, might cause
overgrowth. Follow-up findings were evaluated in very rare over-
growth syndromes such as Keipert syndrome, Thauvin-Robinet-Faivre
and IDDCDF. While some of our patients with OGID syndrome had
facial features such as elongated triangular face, hypertelorism, and
prominent chin that overlapped with the Sotos syndrome phenotype,
the common finding was forehead prominence in most of the patients.
Patients with Sotos syndrome had milder ID/DD than the patients
with other OGID syndromes. This study contributed to the literature
by expanding and clarifying Sotos and other rare OGID syndrome
phenotypes.
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