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A molecular analysis of the Yemenite deaf-blind
hypopigmentation syndrome: SOX10 dysfunction
causes different neurocristopathies
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The Yemenite deaf-blind hypopigmentation syn-
drome was first observed in a Yemenite sister and
brother showing cutaneous hypopigmented and
hyperpigmented spots and patches, microcornea,
coloboma and severe hearing loss. A second case,
observed in a girl with similar skin symptoms and

hearing loss but without microcornea or coloboma,

was reported as a mild form of this syndrome. Here
we show that a SOX10 missense mutation is respon-
sible for the mild form, resulting in a loss of DNA
binding of this transcription factor. In contrast, no

SOX10 alteration could be found in the other, severe
case of the Yemenite deaf-blind hypopigmentation
syndrome. Based on genetic, clinical, molecular and
functional data, we suggest that these two cases
represent two different syndromes. Moreover, as
mutations of the SOX10 transcription factor were
previously described in Waardenburg—Hirschsprung

disease, these results show that SOX10 mutations
cause various types of neurocristopathy.

INTRODUCTION

genetically heterogenous type Il WS, dystopia canthorum is
absent. In some but not all families, the disease is caused by
mutations in theMITF (microphthalmia-associated transcrip-
tion factor) gene (3). Type Il WS, also called Klein—Waarden-
burg syndrome, is a rare and severe presentation of type | that
includes limb abnormalities. Like type | WS, type Ill WS is
caused byPAX3mutations. Finally, type IV WS (WS4, also
called Shah-Waardenburg syndrome or Waardenburg—
Hirschsprung disease) is characterized by an association with
Hirschsprung disease, a defect of enteric innervation that
results in intestinal aganglionosis. A few cases of homozygous
mutations in the genes encoding the endothelin B receptor
(EDNRB (4,5) or its ligand endothelin EDNJ) (6—8) have
been described in this syndrome. More recently, heterozygous
mutations in the gene coding for the transcription factor
SOX10 (for SRY box 10) have been detected in WS4 patients
(9,10). However, these three genes still seem unable to account
for all the cases of Waardenburg—Hirschsprung disease.

Melanocytes, as well as enteric neurons, are derived from the
neural crest. The broad and early expressioB8@KX10in the
neural crest (11) argues for its possible involvement in other
syndromes involving neural crest derivatives (i.e. neuro-
cristopathies). We therefore searched for mutations affecting
the SOX10gene in such disorders, including the Yemenite
syndrome.

The association of hearing loss and pigmentary abnormalities The Yemenite deaf-blind hypopigmentation syndrome was
has long been known in a variety of mammals (1). In humansfjrst described by Warburg in 1990. It was observed in a Yem-

Waardenburg syndrome (WS) is a rare (1/40 000) autosomahite sister and brother, born from unaffected parents, possibly
dominant disorder characterized by pigmentation defects ancbnsanguineous. The two patients showed cutaneous hypopig-
sensorineural deafness (for a review see ref. 2) caused by theented and hyperpigmented spots and patches on the trunk
absence of melanocytes in the skin and the stria vascularis ahd extremities, grey hairs, white brows and lashes, micro-
the inner ear. The syndrome has been clinically classified intoornea, coloboma and abnormalities of the anterior chamber of
four types. Type | WS, characterized by dystopia canthorum, ithe eye, severe sensorineural hearing loss, dental abnormalities
caused by loss of function mutations in thRAX3gene. In the and no mental retardation (12). This case is here referred to as
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and a thymine. Although S135T is a conservative mutation,
addition of a methyl residue in this region of close contact

B between the HMG domain and the DNA can result in steric

e A B T CAE CA AE A cE C hindrance (Fig. 2C). As a result, this mutation is likely to
il impair DNA binding of the SOX10 factor.

A \-"';ﬁ\ AT ATAYA ,fr [ RA In order to test this hypothesis, anvitro functional study of

e e r EACLCAAR ACEL the mutation was performed as previously described for
O A n Waardenburg—Hirschsprun§0OX10 mutations (15). When

transiently transfected into tissue culture cells, the SG}0
factor was localized to the nuclei, as indicated by its presence
in nuclear extracts (Fig. 3A). Using a double-stranded oligo-
nucleotide probe with adjacent binding sites for SOX and POU

W AV .y i
NANAVRTAAU A BT

C domain proteins, we next tested SOX¥'in gel shift assays
HMG box for its ability to bind to DNA. As shown in Figure 3A, wild-

: "’ 1' : type SOX10 efficiently recognized its site in the probe, as did
S135T the ubiquitous POU domain OCT1, which was also present in

the nuclear extract. Adjacent binding of both proteins to the
probe, furthermore, led to formation of a ternary complex with
Figure 1. The S135T mutation.A) SSCP analysis shows a band shift in the low mobility. When the same experiment was performed with
ﬂizta'PFggt °ﬁ§§3§t3é%§°§;'°tle'°n'§{?,s; Fr’ve\?:gl‘zgt 2'\‘25325]/2?;;";“22 du nuclear extracts containing the SOX38factor, no binding
sequence)pto C (m’utated alleqle, Iowegr sequence) transver§ipihis muia- PP4o the probe was observed Ff'lther alone or in C_Ombmathn Wlth
tion results in a Ser Thr missense mutation localized in the central part of the OCT1, which served as an internal control (Fig. 3A). Similar
HMG box, which is the DNA-binding domain of the SOX factors. results were obtained with purified fusion proteins between
glutathioneStransferase and the HMG domain of SOX¥T
Only at very high amounts did we obtain residual DNA bind-
the severe form. A second case was observed later in a girig of the fusion protein (data not shown). Consistent with
born from non-consanguineous parents. She had similar skthese results, the SOX%85Tfactor completely lost its activity
symptoms and hearing loss but without microcornea or coloas an autonomous transcription factor, as is evident from its
boma and was reported as a mild form of this syndrome (13).inability to stimulate a luciferase reporter construct with multi-
We examined th&0X10gene in the two cases and identified ple SOX binding sites in the promoter in transiently transfected
a SOX10mutation in the mild form, whereas no alteration U138 glioblastoma cells (Fig. 3B). SOX3@Twas likewise
could be found in the other. Based on genetic, clinical, molecunable to synergistically enhance the activity of the POU
ular and functional data, we now suggest that these two casdsmain protein Tst-1/Oct6/SCIP on a promoter that is effi-
represent two different syndromes. ciently activated by Tst-1/Oct6/SCIP and wild-type SOX10
(Fig. 3B; see also refs 15,16).
This demonstration of the deleterious effect of the S135T
RESULTS mutation prompted us to search more carefully fd8@x10
We searched for variations in tH80OX10coding region in mutation in the severe case of Yemenite deaf-blind hypopig-
patients affected by the Yemenite syndrome by using singleentation syndrome. Sequencing of the coding sequence
strand conformation polymorphism (SSCP) analysis screeninggvealed no variation in the affected boy. Moreover, a South-
as previously described (9). A band shift was observed in thern blotting experiment showed no rearrangement of the gene
girl with the mild form. Cloning and sequencing of the variantin this family (data not shown). A large deletion of a DNA
PCR product revealed a-GC transversion which results in a region containinggOX1Qwhich would not have been detected
S135T missense mutation localized in the central region of thby Southern blot analysis) could be excluded by the results of
high mobility group (HMG) box, the DNA binding domain of microsatellite analysis. Indeed, the parents and the two chil-
SOX proteins (Fig. 1). This variation was not found in 50 con-dren are heterozygous for a microsatellite marker localized
trol DNAs (100 chromosomes). very close to th&&OX10gene (~1.3 kb upstream of exon 2).
The heterozygous status of this transversion is consistent
with the previously described dominant inheritances@X10 ISCUSSION
mutations (9). As the parents are phenotypically unaffected, Ft)
is likely to be ade novomutation. Unfortunately, we were The SOX factors constitute a family of transcription factors
unable to analyse their genotypes as they were unavailable ftirat are characterized by a DNA-binding domain similar to the
testing. HMG domain of the sex determining factor SRY and are there-
The three-dimensional structure of SOX10 is unknown, bufore able to bind and bend DNA (17). They play important
the structure of the HMG domain of the related factor SRYroles during embryogenesis and show diverse and changing
(sex determining factor) has been studied in its DNA-boungatterns of expression throughout development. Following
state by multidimensional NMR spectroscopy (14). This analSRY in XY sex reversal (18,19) and SOX9 in campomelic
ysis showed that the mutated serine (S36 of the SRY HM@ysplasia (20,21), SOX10 is the third factor of this family
box) is one of the seven residues in direct contact with thé&nown to be involved in a human disease. To date, six SOX10
DNA double strand (Fig. 2B). Moreover, itis involved in DNA mutations have been described in Waardenburg—Hirschsprung
binding through a hydrogen bond between its hydroxyl grouplisease (9,10), a syndrome characterized by the association of
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B

Figure 2. Structure of the HMG domain of SRY and the SOXE9" mutation. A) Homology between the SRY and the SOX10 HMG domaiBg. Three-
dimensional representation of the interaction between the HMG domain of SRY and the target DNA sequence. The two views illustrate the clase interacti
between the DNA helix (red) and the Ser (green) at position 36 of the SRY HMG domain (@0&)h¢ Ser- Thr (green) mutation is placed in the SRY HMG
domain (blue) to illustrate its possible effect on the interaction with DNA (red). Except for the Ser/Thr, only the backbone of the HMG domaieigedpres

aganglionic megacolon of Hirschsprung disease with pigmen- First, a Ser at the same position is found in all SOX factors.
tary-auditory defects of Waardenburg syndrome. This phendt is worth noting that a missense mutation of this Ser in SRY
type can be explained by the absence of a functional SOX1factor reduces DNA binding and leads to sex reversal (24).
factor in neural crest cells and derivatives, where it is consist- Second, a comparison with the three-dimensional structure
ently expressed (11,16,22,23). of the DNA-bound HMG domain of SRY (14) shows that this

However, the wide range &OX10expression in the central residue plays an essential role in DNA binding. The twisted L
and peripheral nervous systems, as well as in some mesectiape of the SRY HMG domain presents a concave surface
dermic derivatives of neural crest cells, suggested that it coulahade up of threa-helices and accepts the double-strand DNA
be involved in other neurocristopathies (11). Indeed, we iderhelix in a sequence-specific manner. The Ser is localized in the
tified and characterized an S135T mutation in the previouslgeconda-helix of the HMG domain and is involved in DNA
described mild form of the Yemenite syndrome. Although thebinding by direct interaction with a DNA base. The replace-
mutation is conservative, we provide evidence that it is deletement of this Ser by a Thr is likely to result in steric hindrance
rious. that prevents binding.
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doubts regarding the diagnosis she was re-evaluated at the age
of 12. The diagnosis of Yemenite deaf-blind hypopigmentation
syndrome was based on the presence of congenital sen-
sorineural hearing loss, nystagmus, hypopigmentations, multi-
ple freckles, patchy white hair and similar dental findings to
those from the original two patients with the severe form (13).
The main difference from the two original patients is the
absence of anomalies of the anterior chamber of the eye and of
choroidea coloboma in the patient with the milder syndrome.
The girl has no constipation, dystopia canthorum or abnormal
shape of the nose.

Our results established that the milder syndrome presented
by this girl is due to a heterozygous mutation in th©&X10
gene that results in a loss of function of this transcription fac-
tor. This observation indicates that tB®X10gene is involved
in different types of neurocristopathy. The mutation in this
B patient without intestinal dysfunction, like those we described

previously in Waardenburg—Hirschsprung disease, appears to
Fold induction be a loss-of-function allele. However, it is worth pointing out
50 40 that up to now, the search for SOX10 mutations has been
largely confined to patients with Hirschsprung disease, so the
40 30 cases described are probably not an unbiased sample of pheno-
types.

The fact that the parents’ DNAs were not available pre-
cluded testing for a possibtie novodominant mutation in the
mild form. On the other hand, the severe case seems to be
10 104 transmitted in an autosomal recessive manner, as the two
affected siblings were born from unaffected parents (12) and
0 o no SOX10 mutation or rearrangement can be detected. These
results strongly suggest that these two syndromes are in fact
different entities, the mild one being allelic to Waardenburg—
Hirschsprung disease.
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MATERIALS AND METHODS

Figure 3. In vitro studies of the S135T mutatiorA) Western blot analysisfo Mutation detection and sequencing

8 ug of nuclear extract (NE) containing wild-type SOX10 or SOX®#&factor The whole coding region of the huma®0OXx10 gene was
(size markers are shown on the left in kDa), and gel shift assay withd@

the same extracts and the FXO oligonucleotide probe (16) showing the absenggreened usmg SSCP as prewousl_y described (9) T_he PCR
of DNA binding by the mutated factor. Complex 1, SOX10 + DNA; complex Product sh.owm_g an Qberram mobility was cIongd using the
2, 0CT1 + DNA; complex 3, SOX10 + OCT1 + DNABJ Transient transfec-  Topo Cloning kit (Invitrogen) and sequenced using the ABI

tion experiments in U138 glioblastoma cells confirm the absence of autonopR|SM Dye Terminator Cycle DNA Sequencing kit.
mous transcriptional activity ¢&X luc reporter) of the SOXEdTfactor in

comparison with the wild-type SOX10 factor and the inability to synergisti- For the Seve'r.e case, 'the absence (?f mutation irS'ﬂ.ﬂﬁlo
cally stimulate the activity of the POU domain protein Tst-1/Oct6/SCIPgene was verified by direct sequencing of the purified PCR
(3xFXO luc reporter). Luciferase activities were determined inthreeindependproducts_ The absence of a partial deletion or rearrangement
ent experiments each performed in duplicate. Data are presented as fold indygr 5 tested by Southern blot. The parents’ and children’s DNAs
tion above the level obtained for the luciferase reporter without co-transfected di d withs d he h
franscription factor. were digested wittiBaHI and the humarBOX10cDNA was
used as a probe (GenBank accession no. AJ001183). The primer
) ) L . sequences for the microsatellite analysis were: forward, 5'-
Finally, functionalin vitro assays show that the resulting 5 AGATTGTCCAAGGCCAGCA-3" reverse. 5-GTCACAC-
SOX10 factor has a strongly reduced ability to bind DNA and a o GCAGAGGCAT-3'. Tested on, 50 controll DNAs. the heter-
is therefore unable to exert its activity as a transcriptional acti- ; ' ’
. e ozygosity was 0.58.
vator and as a stimulatory cofactor for other transcription fac-
tors. The results obtained with the S135T mutation are ver . :
similar to those obtained with another SOX10 mutation Char?f’hree-dmensmnal structure of DNA-bound SRY HMG
acterized in one case of Waardenburg—Hirschsprung diseasihe NMR spectroscopy data for the complex between the
482ins6, which results in the insertion of two amino acids inHMG domain of SRY and its target DNA (14) are available at
the thirda-helix of the SOX10 HMG domain (9). the Protein Data Bank (PDB accession code 1HRY). The
The girl who carries the S135T mutation was initially diag-three-dimensional structure is represented using RasMol (Fig.

nosed as having Waardenburg syndrome, but because 2B) or Swiss-PdbViewer (Fig. 2C) software.



In vitro functional study of the mutation

Tissue culture cells were transfected by the calcium phosphate.
technique. For transcription assays, U138 cells were trans-
fected with 2 pg of luciferase reporter SX luc or
3xFXOluc) and 0.2ug of CMV expression plasmid for Sox10,

its S135T mutant or Tst-1/Oct6/SCIP per 60 mm plate. Cells g
were harvested 48 h after transfection and extracts were
assayed for luciferase activity (16).

For extract preparation, COS cells were transfected with 1
Hg CMV expression plasmid per 100 mm plate. Nuclear

extracts were prepared and used for western blot analysis as
described (16). A rabbit antiserum against rat Sox10 served as
primary antibody at a dilution of 1:3000. Horseradish peroxi-12-
dase-coupled protein A and the enhanced chemiluminescence
system (Amersham) were used for detection.

Nuclear extracts were also analysed in gel shift assays in thes.
presence of 2ug poly(dG-dC) competitor DNA usingP-

labeled FXO oligonucleotide as probe, as reported elsewhere
. ; 14
in detail (16).
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