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ABSTRACT
Waardenburg syndrome (WS) is characterized by an association of pigmentation
abnormalities and sensorineural hearing loss. Four types, defined on clinical grounds, have
been delineated, but this phenotypic classification correlates imperfectly with known
molecular anomalies. SOX10 mutations have been found in patients with type Il and type IV
WS (i.e., with Hirschsprung disease), more complex syndromes, and partial forms of the
disease. The phenotype induced by SOX10 mutations is highly variable and, except for the
neurological forms of the disease, no genotype-phenotype correlation has been characterized
to date. There is no mutation hotspot in SOX10 and most cases are sporadic, making it
particularly difficult to correlate the phenotypic and genetic variability.

This study reports on three independent families with SOX10 mutations predicted to
result in the same missense mutation at the protein level (p.Met112lle), offering a rare
opportunity to improve our understanding of the mechanisms underlying phenotypic
variability. The pigmentation defects of these patients are very similar, and the neurological
symptoms showed a somewhat similar evolution over time, indicating a potential partial
genotype-phenotype correlation. However, variability in gastrointestinal symptoms suggests
that other genetic factors contribute to the expression of these phenotypes. No correlation
between the rs2435357 polymorphism of RET and the expression of Hirschsprung disease
was found. In addition, one of the patients has esophageal achalasia, which has rarely been

described in WS.
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INTRODUCTION

Waardenburg syndrome (WS) is characterized by an association of pigmentation
abnormalities, including depigmented patches of skin and hair, early graying, vivid blue eyes
or heterochromia of the irises, and sensorineural hearing loss. Four types, defined clinically,
have been described; however, this phenotypic classification correlates imperfectly with
known molecular anomalies. Six genes are associated with WS, with very different
frequencies; PAX3, MITF, EDN3, EDNRB, SNAI2, and SOX10 (for a review, see [Pingault et
al., 2010]).

SOX10 is one of 20 proteins belonging to the SOX family of transcription factors. The
name ‘SOX’, a contraction of ‘SRY box’, refers to their homology to the testis determining
factor. These proteins are involved in cell fate determination and cell lineage development
[Kuhlbrodt et al., 1998], with SOX10 specifically contributing to the early development of the
neural crest (from which melanocytes, the enteric nervous system, and part of the peripheral
nervous system originate) and to oligodendrocyte differentiation. Accordingly, SOX10
mutations can result in type Il WS (WS2 (MIM# 611584); depigmentation and deafness)
[Bondurand et al., 2007], type IV WS (WS4 (MIM# 613266); depigmentation, deafness, and
Hirschsprung disease (HD, absence of enteric ganglia in the distal part of the intestine, MIM#
142623)) [Pingault et al., 1998], PCWH (peripheral demyelinating neuropathy, central
dysmyelinating leucodystrophy, WS, HD (MIM# 609136)) [Inoue et al., 2004], a more
complex syndrome also involving the central and/or peripheral nervous system, and Kallmann
syndrome (hypogonadism and anosmia (MIM# 308700)) through a defect affecting the neural
crest-derived olfactory ensheathing cells [Pingault et al., 2013]. The influence of modifier
genes has been hypothesized to explain this high degree of phenotypic variability.

SOX10 mutations are usually private; that is, almost all mutations found in families are
novel. Moreover, most cases are sporadic. This situation makes it considerably more difficult

to decipher the origin of the phenotypic variability among patients. Here, we describe three
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independent families all carrying mutations predicted to result in the same missense change at
the protein level, offering a rare opportunity to improve our understanding of the mechanisms

underlying phenotypic variability.

CLINICAL REPORTS

Patient 1 (Denmark):

This male patient was born from healthy parents, at term, and with normal growth
parameters (birth weight 3450 g (0SD), height and OFD were reported as normal without
precision). He was hypotonic and had bilateral cryptorchidism. Hormonal evaluation was
normal. Hearing problems were suspected at neonatal screening and further examination
revealed profound sensorineural deafness with absent auditory evoked potentials. A temporal
bone CT scan was normal. Cochlear implantation was performed at the age of 1 year.
Bilateral nystagmus, observed when the patient was 1 month old, disappeared spontaneously
2 months later. When first examined at 3 months of age, he had bright blue irides, normal
fundi oculi, a white forelock, a depigmented spot on the forehead, large areas of
depigmentation extending from the knee to the heel on the left side, and a sock-like
depigmentation on the right foot. Cafe-au-lait spots were also present on the lower
extremities. Although meconium emission has not been retarded, severe constipation had
begun soon after birth, leading to a diagnosis of HD and the patient underwent surgery at 5
months of age. Aganglionosis extended towards the right angle of the colon (long-segment
form). Furthermore, neurological examinations during infancy were abnormal. At 5 months of
age, hypotonia was associated with some spasticity and abnormal movements. Motor
milestones were delayed (sitting age 10 months, walking age 18 months). At 2 years of age,
he was still hypotonic and had minor muscular weakness; however, his fine motor abilities
were not delayed and his tendon reflexes were normal. Speech was moderately delayed (30

words), which was to be expected when taking into account his hearing problems.
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Nevertheless, at the age of 6 years, the patient has no cognitive impairments and is able to
start school without assistance. Speech is normalized. Growth parameters are normal (height
122 cm: +1.5SD; weight 21 kg: +0.5SD) and he has normal genitalia.

Patient 2 (Martinique):

This male patient is the first child of young, unrelated, and healthy parents. He was born
at 40 weeks of gestation, with severe intra-uterine growth retardation (IUGR): birth weight
1830 g (—3.9 SD), length 44 cm (—3 SD), and OFC 33 cm (—2 SD). Meconium emission was
normal. When examined at 3 months of age, he had constipation, axial hypotonia, bilateral
nystagmus and strabismus, bright blue irises, a white forelock, depigmented spots on the
medial forehead, the philtrum, and both hands and feet (Fig. 1A-E). At 9 months, examination
revealed developmental delay (the baby was unable to sit) with axial hypotonia and limb
spasticity. His head circumference was 46.5 cm (+1.7 SD). The parents noted premature
graying of the hair and eyebrows, beginning at 8 months of age. Nystagmus was associated
with severe visual impairment. Profound bilateral sensorineural deafness was diagnosed and a
temporal bone CT scan showed no other anomaly than slight bilateral dilation of the
vestibules and lateral semicircular canals. Simple dietary management relieved constipation.
Genitalia were normal male. Later, the neurological development improved and the patient
walked at 18 months of age. Unilateral cochlear implantation was performed when he was 20
months of age. At 4 years, his motor and comprehension abilities are described as normal,
even if he is still unable to speak. Height is 116 cm (+4SD), weight 16.5 kg (+0.5SD) and
OFC 53 ¢cm (+1,5SD).

Family 3 (France):

Patient 3 is the second child of healthy parents. Her brother is also healthy and she was
born at term. At birth weight was 3000 g (-0.5 SD) and length 50 cm (0 SD). According to her
parents OFC was “normal”, however the patient was unable to precise it. Profound bilateral

sensorineural deafness was diagnosed at the age of 6 months, and she was taught to use sign
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language. Early motor development was slightly delayed (she walked at 2 years of age), but
subsequent development was normal, and she attended mainstream school. When examined at
age 46 years, her height was 158 cm (-1SD) and her weight 60 kg (+1SD), She had blue
irides, bilateral iris hypoplasia, and albinoid fundi. Neurological examination was normal. She
had white-blond hair and eyebrows, and reported premature graying of her hair and eyebrows
at 16 years of age (Fig. 1F,G). Furthermore, she had depigmented spots mimicking a left
glove and a right sock (Figure 1H). In adulthood, she developed some freckles on the face.
She did not complain of constipation. She had numerous caries. She declined carrying out a
CT Scan. Her husband had type | WS (dystopia canthorum, deafness, and white forelock) and
he carried a heterozygous PAX3 mutation (c.936C>A, p.Tyr312X). They had two daughters;
the first one is patient 4 and the other was not affected by WS.

Patient 4:

This girl was born at term (39 SA) with normal growth parameters (birth weight 3120 g
(0SD), length 49 cm (0SD), and OFD 34,5 cm (0SD)). She was not hypotonic, and meconium
emission was not delayed. Profound bilateral sensorineural deafness was diagnosed soon after
birth. When examined at the age of 3 months, she had bright blue irises and nystagmus.
Ophthalmologic examination revealed bilateral albinoid fundi. Electroretinogram and visual
evoked potentials were normal. Neurological examination was normal, but pigmentation
anomalies were observed (white forelock and eyebrows, median depigmented spot on the
forehead, and a depigmented left hand mimicking a glove) (Fig. 11-K). Genitalia were normal
female. Later, neurological development was slightly delayed (walking at 2 years of age). She
used sign language and her hair and eyelashes became white at around 12 years of age. She
noted some balance disorders. She was slightly constipated, but had no HD. At 13 years,
dysphagia and retro-esophageal pain led to a diagnosis of esophageal dyskinesia / achalasia.
She was treated with NIFEDIPINE®; however, the treatment was discontinued, as it caused

dizziness. When last examined at 15 years, she attended a mainstream school for deaf
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children. Her height was 152 cm (-1,7SD), her weight was 50 kg (-0,2SD. Genitalia were
normal and puberty had begun but she had not started menstruation. The hormonal assessment
highlighted a pituitary insufficiency in GH and gonadotropic axes. CT Scan revealed a normal
pituitary gland and left olfactory bulb but the absence of the right olfactory bulb.

Patients clinical features are summarized in Table I.

MOLECULAR ANALYSIS AND RESULTS

SOX10 mutations were found in all four patients using standard Sanger sequencing.
Mutations were named according to international nomenclature, with +1 corresponding to the
A of the ATG translation initiation codon in the cDNA reference sequence: GenBank
NM_006941.3 for SOX10, and NM_181459.2 for PAX3. Patients 1 and 2 both carry a de novo
heterozygous ¢.336G>A substitution in SOX10 that is predicted to result in a missense
mutation, p.Met112lle, at the protein level. Patient 3 and her daughter, patient 4, both carry a
SOX10 heterozygous ¢.336G>C substitution that is also predicted to result in a p.Met112lle
missense mutation. The PAX3 mutation found in patient 3’s husband was not transmitted to
his daughters. The SOX10 mutations are not predicted to alter splicing and were previously
reported (without a clinical description) in a paper addressing their functional consequences in
vitro [Chaoui et al., 2011].

In a search for genetic modifiers of the intestinal phenotype in these patients, we
genotyped the rs2435357 polymorphism of RET in genomic DNA from all patients and
available family members using the following primers: 5’CATGATCTGAGTCACTGCCT,
3’CTGGCCAGGATGATGGGCGC. PCR amplicons (after 35 cycles at an annealing
temperature of 60°C) were sequenced by standard protocols on a 16-capillary ABI Prism
sequencer using an internal primer (TGCTGAGTGCATGGGGACAG). Patients 1, 2, and 3
are homozygous for the C allele, while patient 4 and her sister are heterozygous for the T

allele, which was inherited from their father. The molecular results are presented in Figure 2.
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DISCUSSION

Approximately 100 SOX10 point mutations and deletions have been published to date
(http://grenada.lumc.nl/LOVD2/WS/home.php?select_db=SOX10). Each is specifically
linked to a family, with the notable exception of p.Arg313X, which has been found four times
(resulting from three different nucleotide variations, a situation very similar to the
p.Met112lle mutation described here) and results in PCWH [Inoue et al., 2004; Touraine et
al., 2000]. Independently of the presence or absence of neurological features, SOX10
mutations represent about half of WS4 and 15% of WS2 patients [Bondurand et al., 2007]. All
features show incomplete penetrance and variable expressivity. SOX10 mutations have also
been reported in patients with atypical WS4 with intestinal pseudo-obstruction [Pingault et al.,
2002], isolated HD [Sanchez-Mejias et al., 2010], and Kallmann syndrome with deafness
[Pingault et al., 2013], highlighting the high level of phenotypic variability associated with
changes at this locus. To date, no obvious genotype-phenotype correlations have been
reported, other than neurological defects associated with some of the truncating mutations that
appear to escape nonsense-mediated RNA decay (NMD) [Inoue et al., 2004].

Initially, most SOX10 mutations (nonsense, splice, frameshift, or deletions were
predicted to result in a truncated or absent protein. However, we and others recently found
that missense changes in the SOX10 HMG domain (its DNA binding domain) also account for
a significant proportion of mutations [Barnett et al., 2009; Bondurand et al., 1999; Chaoui et
al., 2011; Morin et al., 2008]. As they are missense changes, these mutations are not
recognized by the NMD pathway and have been associated with all forms of WS (WS2, WS4,
PCWH, PCW (PCWH without HD), and Kallmann syndrome with deafness) [Chaoui et al.,
2011; Pingault et al., 2013]. We previously analyzed the functional consequences of these
missense mutations to investigate potential genotype-phenotype correlations, taking

advantage of the fact that the mutated transcripts avoid NMD-mediated RNA degradation. We
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found no obvious relationship between their functional effects in vitro and the phenotypic
features present in the patients [Chaoui et al., 2011]. However, in this study, a p.Met112lle
mutation was identified in three independent families, providing a rare opportunity to study
the phenotypic similarities and differences between the patients.

The four patients carrying this mutation have very similar pigmentation defects: bright
blue irises, a white forelock, a white spot on the forehead, and large depigmented areas on the
extremities that mimic gloves and/or socks. Although the latter aspect is described in WS, it is
uncommon. Premature graying of hair and eyebrows has not yet been observed in patient 1,
who is very young, but was apparent in the other three patients. The four patients all had
profound bilateral sensorineural hearing loss. Transient nystagmus was present in early
childhood in three patients; neonatally in patients 1 and 2, and during the first weeks of life
for patient 4. This information was not available for patient 3. Furthermore the four patients
had transient motor delay (more severe in patient 2), which recovered during early childhood,
without obvious intellectual disability. These similarities in three independent families,
especially the pigmentation pattern, suggest a genotype-phenotype correlation.

Conversely, the phenotypes of patients differ in other ways: patient 2 had severe IUGR
of unknown cause, however, further survey showed normal postnatal growth, so that a
placental cause is likely. In regards to Kallmann syndrome features, patient 4 showed an
absence of the right olfactory bulb and gonadotropic hormonal insufficiency, but these aspects
could not be fully evaluated in the other patients. More specifically, the gastrointestinal
features of the patients are also discordant: a single patient (patient 1) has HD, whereas the
others suffer from slight constipation (patient 4), transient constipation in early infancy
(patient 2), or has normal transit in adulthood (patient 3).

This clinical variability in patients carrying the same (or similar) mutations suggests that
the genetic environment modifies the phenotypic expression of the intestinal phenotype. An

obvious candidate genetic modifier is rs2435357, a common RET intronic polymorphism
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located in an enhancer. The T allele (frequency 0.25 in Europe) alters a functional SOX10
binding site and results in a lower level of expression of RET in vitro. It is statistically
associated with HD susceptibility [Emison et al., 2010; Emison et al., 2005]. rs2435357
genotyping showed that the only patient with HD does not carry the T allele, arguing against
an association between the presence of the T allele and HD in patients with the p.Met112lle
mutation. This observation does not allow any generalization from a statistical point of view;
however, it is complementary of a previous study showing an absence of correlation between
the rs2435357 genotype and HD in 24 WS4 patients carrying various SOX10 mutations [de
Pontual et al., 2007].

In addition to the intestinal involvement, the diagnosis of esophageal achalasia in patient
4 is remarkable. Esophageal achalasia is related to other disorders of gastrointestinal motility,
especially HD, even at the molecular level [Gockel et al., 2012], but it has, to our knowledge
not been described with WS. Achalasia is considered a disease of delayed onset disease, and
is caused by the degeneration of a subpopulation of enteric neurons in the esophagus, whereas
HD is a developmental disease associated with congenital absence of intrinsic ganglion cells
in the myenteric and submucosal plexuses of the distal bowel. The association of achalasia
and WS may be coincidental, but may also point to an underdiagnosed complication with low
penetrance.

Apart from the impact of NMD in the neurological phenotype of patients carrying
SOX10 point mutations [Inoue et al., 2004], no obvious genotype-phenotype correlations have
been described to date. Our observation of the same mutation at the protein level in four
patients from three families provides a rare opportunity to move toward precise interpretation,
and allows the following conclusions: 1) the very similar pigmentation defects (especially the
glove / sock pattern affecting the extremities) and the somewhat similar neurological
evolution (hypotonia in early childhood without intellectual disability in later development)

suggest a partial genotype-phenotype correlation; and 2) variable gastrointestinal defects



Pingaultetal. 11
suggest that other genetic factors contribute to the expression of this phenotype. Finally, we
would like to highlight the unusual association with esophageal achalasia, appearing in one
patient at 13 years of age. Given the difficulty of diagnosing achalasia, we recommend that
this should be considered as a possible manifestation in WS patients, particularly in case of
dysphagia. Further observations are required to determine if achalasia is a rare feature of WS,

or coincidental.
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FIGURE LEGENDS

FIG. 1. Clinical features. A-D: Patient 2 at age 9 months. Note the bright blue irises (A), the
white forelock and the depigmented spot on the medial forehead and philtrum (B), the
depigmented extremities (C and D). E-G: Patient 3. Note the blue eyes and premature graying
of the hair (E, at 28 years of age; F, at 45 years of age), and the depigmented spot mimicking
a glove on the left upper limb (G). H-J: Patient 4. Note the bright blue irises, the white
forelock and the slight depigmented spot on the medial forehead in early infancy (H, at 1
years of age), premature graying of the hair and the depigmented spot mimicking a glove on

the left upper limb (I and J, at 15 years of age).

FIG 2. Summary of molecular and familial data. A, Patient 1; B, Patient 2; and C, Patients 3
and 4. The presence or absence of Hirschsprung disease is indicated under each patient. N,

normal.



