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Abstract

Schilbach—Rott syndrome (SRS, OMIM%164220) is a disorder of unknown aetiology that is characterised by hypotelorism,
epichantal folds, cleft palate, dysmorphic face, hypospadia in males and mild mental retardation in some patients. To date, 5
families and 17 patients have exhibited this phenotype, and recurrence in two of these families suggests an autosomal
dominant inheritance. SRS overlaps with a mild form of holoprosencephaly (HPE), but array—CGH analysis and sequencing
of some HPE-related genes (SEPT9, SHH and TWIST) did not reveal any variants in at least one family. Herein, we
investigated by array—CGH analysis a 11-year-old female patient and her father, both exhibiting the typical SRS phenotype,
disclosing in the daughter—father couple the same microduplication of chromosome 9q22.32q22.33 [arr[hg19]9q22.32
(98,049,611_98,049,636)x3,9q22.33 (99,301,483_99,301,508)x3], involving eight genes, including PTCHI. The duplica-
tion segregated with the disease, since it was not found in the healthy paternal grandparents of the proband. The gain-of-
function variants of the PTCH1 gene are responsible for a mild form of HPE. This is the first genetic variant found in SRS.
This finding reinforces the hypothesis that SRS belongs to the HPE clinical spectrum and suggests to perform array—CGH in

patients with SRS phenotype and, if negative, to consider a potential benefit from sequencing of HPE-related genes.

Introduction

Schilbach and Rott [1] described ten relatives over five
generations who exhibited a congenital disorder that is
characterised by ocular hypotelorism, submucosal cleft
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palate and hypospadias in males. Other anomalies included
blepharophimosis, upslant of palpebral fissures and a ten-
dency for cutaneous syndactyly of the 3rd and 4th fingers
and 2nd and 3rd toes. In 2002, Joss et al. [2] described a
mother and two sons with cleft palates and facial appear-
ances that closely resembled the Schilbach—Rott syndrome
(SRS) (OMIM%164220). A father—son pair from Mexico
who exhibited the typical features of SRS, such as ocular
hypotelorism, cleft palate, hypospadias (only in the child)
and microcephaly, further supports an autosomal inheri-
tance [3]. De Carvalho et al. [4] described a 4-year-old girl
with blepharophimosis, which is a typical facial gestalt and
skeletal abnormalities seen in the blepharofacioskeletal
syndrome (BFSS), and found a clinical overlap with SRS;
the findings suggested that BFSS and SRS were of the same
condition. Shkalim et al. [5] described another family with
an autosomal dominant syndrome of hypotelorism, cleft
palate/uvula, high-arched palate and mild mental retardation
—symptoms resembling SRS—and noted a similarity in the
facial appearance of patients with holoprosencephaly, even
in the absence of holoprosencephaly on MRI. The results
from genetic studies were normal in this case, including
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FISH for deletion of 22ql1, karyotype analysis, fragile X
testing, high-resolution comparative genomic hybridisation
(CGH) and SEPT9, SHH and TWIST sequence analyses.
These data suggest that SRS is an autosomal dominant
developmental disorder of unknown aetiology.

Herein, we described a father—daughter couple exhibiting
an SRS phenotype in whom we identified a 9922.32q22.33
microduplication involving the PTCH1 gene.

Materials and methods

Informed consent for the genetic studies and the publication
of images was obtained from all family members. Cognitive
evaluations of patients were performed using the Wechsler
Intelligence Scale for Children, revision II (WISC-II).
Array—-CGH analyses were performed on DNA extracted
from peripheral blood of the proband and her parents using
the Agilent Human Genome CGH Microarray Kit 60K
(Agilent Technologies, Santa Clara, California, USA), as
described previously [6, 7]. The array—CGH results were
validated by a second array—-CGH analysis. DNA extracted
from peripheral blood was also obtained for paternal grand-
parents of the proband and a real-time PCR (QPCR) on the
PTCH]I gene was performed, as previously described [8].

Subjects

The patient, evaluated 2 years ago, was a 1l-year-old
female, the only child of a non-consanguineous couple. The
personal and family history of her mother and family his-
tory of her father were unremarkable. The personal history
of the father was characterised by the presence of anterior
glandular hypospadias at birth, which was surgically treated
at 18 months of age. He exhibited dysmorphisms of the face
very similar to the daughter, including microbrachicephaly,
hypotelorism, flat face, short philtrum, beaked and long
nose with a notch on the tip, high-arched palate, short
palpebral fissures, blepharophimosis and clinodactyly of S5th
fingers (Fig. 1a, b). The paternal grandparents of the pro-
band were healthy and did not show dysmorphism of the
face. The proband’s pregnancy was complicated by mater-
nal bleeding during the first trimester. Foetal ultrasound
performed at 22 weeks of gestation revealed a foetal central
cleft lip and a deceleration of foetal growth was observed
during the last month of gestation. The parents decided to
not perform invasive prenatal genetic testing. Spontaneous
vaginal delivery occurred at 40 weeks of gestation, with a
birth weight of 2300 g (<3rd percentile), a length of 47 cm
(10th—25th percentile) and an OFC of 31 cm (3rd percen-
tile). A central cleft of the lip and palate was immediately
evident and surgically treated during the first few months of
life. Motor development was achieved normally, but speech

was delayed. Therefore, she received speech therapy. The
patient did not experience seizures or other neurological
disorders. Diagnostic workup included haematological and
biochemical testing, urinalysis, ECG and echocardiography,
ABR, abdominal ultrasounds, including urinary system eva-
luation and brain MRI, all of which were unremarkable. Her
height was 140 cm (25th centile), her weight was 35.5 kg
(50th centile) and her OFC was 48.5 cm (<<3rd centile) at
the time of our evaluation (11 years old). Physical exam-
ination disclosed microbrachicephaly, short palpebral fis-
sures, blepharophimosis, hypotelorism, long nose, short
philtrum, flat malar region, asymmetric face with ptosis of
the right eye, dental crowding, frontal angioma and clin-
odactyly of the 5th fingers (Fig. 1c, d).

Results

The proband evidenced a full-scale IQ of 70, performance
1Q of 75 and a verbal IQ of 65 on the WISC-III, which is
in the borderline intellectual functioning range. The
array—-CGH analysis of the proband revealed a 1.2-Mb
duplication of chromosome 9q22.32q22.33 [arr[hgl9]
9q22.32(98,049,611_98,049,636)x3,9922.33 (99,301,483_
99,301,508)x3]. These two patients have been registered in
the Decipher database (https://decipher.sanger.ac.uk/) with
the following identification codes: SAN376908 (proband)
and SAN376909 (father) [9]. The array—CGH analyses were
extended to the parents and disclosed the paternal origin of
the duplication. These results were confirmed in the pro-
band and in her father using a second array—CGH analysis
(Fig. 2). We also performed a QPCR analysis of the PTCH1
gene in the healthy paternal grandparents who did not show
the 9922.32q22.33 microduplication (Fig. 3). The rearran-
gement involved the following OMIM genes: FANCC,
PTCHI, HSDI7B3, ERCC6L2, SLC35D2, HABPA4,
ZNF367 and CDCI4B (Fig. 2).

Discussion

SRS is a very rare dysmorphic condition of unknown
aetiology, with less than 20 patients reported to date [1-5].
SRS patients share facial features with patients who have
holoprosencephaly (HPE), even when their brain appears
normal, as in the microform of HPE [5, 10]. Microforms are
defined as HPE with facial dysmorphisms (ocular hypo-
thelorism, midface hypoplasia, cleft lip and/or palate),
minimal (corpus callosum defect, posterior fossa abnorm-
alities) or no brain involvement, possible extra craniofacial
congenital defects, mostly visceral and renal/urinary
anomalies and intellectual disability of various degrees [5].
Shkalim et al. [5] analysed the SHH gene, which is the gene
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Fig. 1 a, b Father of the
proband, 40 years old. Note the
hypotelorism, short philtrum,
beaked, long nose with a
notched tip, posteriorly rotated
ears, short palpebral fissures and
asymmetric face with ptosis of
the left eye. ¢, d Proband,

11 years old. Note the similarity
with the paternal phenotype:
hypotelorism, short philtrum,
long nose, small mouth with
surgical scar of
labiopalatoschisis, flat midface,
posteriorly rotated ears, short
palpebral fissures and
asymmetric face with ptosis of
the left eye

most frequently involved in HPE in SRS patients; however,
no functionally relevant variants were found. However,
HPE exhibits a wide genetic heterogeneity with at least 12
different loci and 7 identified genes (SHH, SIX3, PTCHI,
GLI2, ZIC2, CDON and TGIF) [11]. SHH is also the gene
most commonly responsible for HPE microform [10].
Notably, in contrast to the loss-of-function variants and
genomic deletions of PTCHI found in basal cell naevus
syndrome (BCNS or Gorlin syndrome, OMIM #109400), at
least five different missense PTCH1 variants, encoding for
the SHH receptor, that normally acts to repress SHH sig-
nalling [11], were found in patients with HPE or
holoprosencephaly-like features and normal brain (HPE7 or
HPE microform) [12-14]. These variants likely affect the
protein function through a gain-of-function manner [14].
Moreover, Derwinska et al. [15] identified an ~360-kb
duplication in 9922.32, involving the entire PTCH1 gene, in
a 21-month-old boy and his mother, who both exhibited a
mild intellectual disability and microcephaly. Izumi et al.
[16] described a syndrome that was characterised by short
stature, microcephaly, cognitive delay and facial features in
three patients (mother and two children) carrying a micro-
duplication of ~2.3 Mb completely involving the PTCHI
locus. Other larger duplications involving the 9922q31 were
described in at least 30 patients who shared the following
clinical features: short stature, microcephaly, intellectual
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disability, dysmorphic facial features and congenital heart
disease [17-19]. However, there were small duplications of
9q22.32, such as those described by Derwinska et al. [15].
Izumi et al. [17] in this report, restrict the number of genes
that are potentially responsible for the primary clinical
phenotype of this newly, clinically recognisable, duplication
syndrome (Fig. 4). In Table 1, we compare the phenotypes
of SRS with those of our patients, patients with a small
9q22.3 microduplication and patients with gain-of-function
PTCHI] variants. There are many clinical features shared by
these patients, such as microcephaly, short stature, high or
cleft palate, hypotelorism, syndactyly or clinodactyly, and
usually mild, intellectual disability; instead, other char-
acteristics, such as brain anomalies and hypospadia, are
more variable.

The role of PTCHI in the pathogenesis of the main
features (microcephaly, hypotelorism, high palate and
intellectual disability) that characterise the phenotype
associated with 9922.3 microduplication appears likely. In
fact, it is plausible that a duplication of the entire PTCHI
gene, which might lead to an overexpression of the protein,
could reduce SHH signalling during embryogenesis in a
dose-dependent manner, since PTCHI1 physiologically
suppresses SHH activity. The expected clinical effect of
SHH signalling repression is HPE, which is similar to the
phenotype of patients with loss-of-function SHH variants.
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Fig. 4 Summary of published reports of chromosome 9q duplication (blue rectangles), partially overlapping to ours. The position of PTCHI is
highlighted by the red line. Note that this gene is also involved in smaller duplications

We used RT-PCR to attempt to dose RNA levels of PTCHI
in the peripheral blood cells of our patients, in order to
verify whether the PTCHI gene duplication produces a
higher PTCH] transcript expression. However, this gene is
physiologically expressed at extremely low levels in this
tissue, and these experiments failed (data not shown). The
proband and her father declined the request to perform a
skin biopsy that would be used to obtain fibroblasts, cells
where PTCHI expression is more pronounced. If the role of
PTCHI appears plausible in contributing to the SRS phe-
notype, the role of the microduplication 9q22.32q22.33
appears more obvious, since it segregates with the disease,
being present in the affected father—daughter pair but absent
in the healthy paternal grandparents of the proband. We
cannot exclude a possible clinical contribution of other
duplicated genes and non-coding RNA in the
9q22.32g22.33 region, but, to date, none of these genes has
known to be implicated in HPE and/or autosomal dominant
conditions. Biallelic loss-of-function FANCC variants are
responsible for classical Fanconi anaemia (OMIM
#227645); biallelic loss-of-function HSDI17B3 variants are
responsible for 17-beta-hydroxysteroido dehydrogenase III
deficiency, which is an autosomal recessive form of male
pseudohermaphrodistism (OMIM #264300); biallelic loss-
of-function ERCC6L2 variants are responsible for bone
marrow failure syndrome 2 (OMIM #615715). Until now,
the other duplicated genes (SLC35D2, ZNF367, HABP4 and
CDCI4B) are not known to be associated with human
diseases.
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The presence of hypospadias in our patient and in SRS
merits a final comment. SHH is one of the most important
signalling molecules that contributes to genital tuberculum
(GT) outgrowth and differentiation. SHH is expressed in the
urethral plate epithelium (UE) during the hormone-
independent phase of genital male embryogenesis, and it
activates its pathway via the PTCH receptor, which is
required for outgrowth, patterning and cell survival in the
developing GT [20]. Mice with a targeted deletion of Shh
exhibit initiation of the genital swellings, but outgrowth is
not maintained, which indicates the absence of external
genitalia [21]. Moreover, in a large Californian cohort of
patients with hypospadias, several SNPs in SHH were
associated with an increased risk [22]. Taken together, these
observations suggest that hypospadias in our patient might
result from the same SHH signalling dysfunction that leads
to HPE microforms.

In summary, we identified a 9q22.32q22.33 duplication
involving the PTCHI gene in a father—daughter couple with
SRS. This “copy number variation” is the first genetic
variant found in SRS, and since array—CGH was negative in
another SRS patient, genetic heterogeneity seems plausible.
This finding supports the autosomal dominant inheritance of
SRS and suggests that this condition belongs to the HPE-
microform subgroup. These preliminary data suggest to
perform array—-CGH analysis and sequencing of HPE-
related genes in the presence of an SRS phenotype. Further
studies in a larger cohort of SRS patients are needed to
reach a definitive conclusion.
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Table 1 Clinical comparison
among SRS patients described

here, other patients with a small

overlapping 9q22.3
microduplication and patients
with PTCHI gain-of-function
variants

Features SRS  Present Patients with a small Patients with GoF
patients overlapping 9q22.3 PTCHI variants®
duplication®
Autosomal dominant + + + +
inheritance
Short stature Sy + +
Microcephaly + + + +
Asymmetric face + + + +
Micrognathia + - + +
Posteriorly rotated ears/ + + — _
hypoplastic ears
Hypotelorism + + +/— 4/
Upslanting palpebral fissures  + - + +
Blepharophimosis + + — _
Epicanthal folds + - + +
Long nose, prominent nose + + + +
High or cleft palate, bifid + + + +
uvula
Small mouth + + — _
Hypospadias (male) + + - -
Syndactyly, clinodactyly + + + +
Mental retardation Mild Mild Mild Mild
HPE - — — -

SRS Schilbach—Rott syndrome, HPE holoprosencephaly, + feature present, — feature absent, +/— feature

present only in some patients
“Patients reported by Derwinska et al. [15] and Izumi et al. [16]
PPatients reported by Ming et al. [13] and Ribeiro et al. [14]
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