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De novo SOX10 nonsense mutation in a patient with Kallmann

syndrome and hearing loss
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Kallmann syndrome (KS; Mendelian Inheritance in Man
(MIM)# 147950), a combination of congenital hypogo-
nadotropic hypogonadism (MIM# 146110) and decreased/
absent sense of smell, results from disturbed migration of
gonadotropin-releasing hormone neurons along the olfactory
sensory neurons from the olfactory placode to the hypothalamus.
The reproductive phenotype may vary from severe hypogonad-
ism to reversal of hypogonadotropism later in life. Patients may
also have additional nonreproductive features, which include
cleft lip/palate, dental agenesis, syndactyly, limb anomalies, renal
agenesis, scoliosis, mirror movements, and deafness (1).

Very recently, Pingault et al. described a high prevalence of
SOX10 mutations in patients with KS and deafness (2). SOX10
is a transcription factor involved in many cellular and develop-
mental processes, especially in the development and differentia-
tion of the neural crest (3). Mutations in SOXI0 are known to
cause Waardenburg syndrome (WS), which is a rare develop-
mental disorder characterized by pigmentation abnormalities
and deafness (specifically type 4C, which combines Waardenburg
and Hirschsprung disease MIM# 613266; its neurological vari-
ant PCWH MIM#609136; and also WS type 2E MIM# 611584)
(4-6). Involvement of SOX10 mutations in KS was suspected
when a high frequency of olfactory bulb agenesis was found
among patients with WS. Indeed, seven novel loss-of-function
mutations (four missense mutations, one frameshift mutation,
one splice-site mutation, and one mutation located in the initia-
tion codon) in SOX10 were found among altogether 103 patients
with KS (2). Notably, six of these seven mutation carriers had a
hearing impairment suggesting that SOX10 mutations should be
screened among patients with KS and deafness (2). We further
investigated the role of SOX10 in KS by screening 20 patients with
KS with special interest in four patients with hearing impairment.

The clinical features of 18 Finnish male subjects with KS have
been reported in Laitinen et al. (7). In addition, one female
patient with KS with a history of spontaneous puberty followed
by secondary amenorrhea, congenital anosmia, absent olfac-
tory bulbs in the magnetic resonance imaging, and low estradiol
(E2) in the setting of normal gonadotropin levels, thus repre-
senting mild gonadotropin-releasing hormone deficiency, was
included. Three of the male subjects had hearing impairment.

One had bilateral hearing impairment and other CHARGE
syndrome (coloboma, heart defects, choanal atresia, retarded
growth and development, genital abnormalities, and ear anoma-
lies; MIM# 214800) associated features (cleft lip and palate, uni-
lateral microphthalmia and coloboma, left facial nerve palsy,
cup-shaped ears, upper body muscular atrophy, and hypoplastic
semicircular canals), the other had bilateral sensorineural hear-
ing loss, and the third had unilateral hearing loss. In addition,
one patient had CHARGE syndrome-associated features with-
out hearing impairment (cup-shaped ears and upper body mus-
cular atrophy). The fourth patient with KS and hearing loss was
from Estonia. His phenotypic features are described below.

None of the subjects has been found to carry mutations in
the seven genes known to underlie KS (KAL1, FGFRI, FGFS,
PROK2, PROKR2, CHD7, WDRI11), and no intragenic dele-
tions were found in CHD7 or FGFRI multiplex ligation-
dependent probe amplification assays (MRC-Holland,
Amsterdam, the Netherlands) as described in Laitinen et al.
(7). This study was performed with appropriate permissions
from the Ethics Committee (E7) of the Helsinki University
Central Hospital and from each university hospital in Finland,
and from the Ethics Review Committee on Human Research
of the University of Tartu. All subjects obtained and signed the
written consent. Genomic DNA from peripheral blood leu-
kocytes of the subjects was extracted, and the coding exons
and exon-intron boundaries of SOX10 (NM_006941.3) were
PCR amplified and screened by direct sequencing. Primer
sequences and PCR conditions are available on request.
Mutation was confirmed from a second PCR product.

One male patient with KS and hearing loss carried a hetero-
zygous nonsense mutation ¢.184G>T (p.Glu62X) in the first
coding exon of SOX10. This mutation was confirmed as de
novo (absence of the mutation was verified by sequencing in
both parents), and it was not present in 90 control individu-
als or reported in relevant databases (dbSNP:http://www.ncbi.
nlm.nih.gov/projects/SNP/, 1000 Genomes Project:http://
www.1000genomes.org/, NHLBI Exome Variant Server: http://
evs.gs.washington.edu/EVS/, Leiden Open Variation Database:
http://grenada.lumc.nl/LOVD2/WS/home.php?select_
db%SOX10). The Glu62X mutation most likely activates the
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nonsense mediated decay RNA surveillance pathway and
results in SOX10 haploinsufficiency (8).

At the age of 17y, this proband was referred to endocrinologist
for evaluation of delayed puberty. He did not have a history of
cryptorchidism, and his family history was negative for delayed
puberty, cleft lip or palate, Hirschsprung disease, and KS. Based
on anosmia from history, lack of puberty (Tanner stage G1P2)
and bilaterally small testes (<3ml) on examination, together
with low circulating basal testosterone (<0.69 nmol/l), in asso-
ciation with inappropriately low gonadotropin levels (follicle-
stimulating hormone 0.54 mU/ml, luteinizing hormone 0.15
mU/ml), the diagnosis of KS was set, and puberty was induced
with monthly Sustanon injections. His karyotype was 46, XY.

At the age of 19 y, he participated in a study investigating
KS in Estonia. He had bilaterally small testes (<3ml) and
anosmia as assessed with standardized twelve item odor stick
series (Burghart Messtechnik, Wedel, Germany). Magnetic
resonance imaging examination revealed olfactory bulb apla-
sia. When specifically asked for, he admitted early graying
of hair, reduced sweating, but no gastrointestinal problems.
Clinical examination confirmed the presence of gray hairs. He
did not have birth marks, vitiligo, café au lait spots, or any
other pigmentation defects in the skin. He had broad nasal
bridge, but no synophrys or hypoplasia alae nasi. His hearing
loss, present from birth, was complete on the right side, and
mild sensorineural hearing loss in high frequencies was noted
in his left ear audiogram (Supplementary Figure S1 online).
He has mild myopia, and, in ophthalmologic examination, his
fundi were normal. He had normal number of teeth. His mus-
cle strength seemed normal, but he reported problems with
balance, and was not able to stand on one foot. His joints in
upper and lower extremities were hypermotile.

Mutations in SOXI10 are known to underlie WS4, PCWH,
and WS2 neurocristopathies, which all share in common
hearing loss and pigmentary anomalies (4-6). Our patient
also reported early graying of hair, and one patient with KS
in Pingault’s series had premature whitening of hair (2).
Accordingly, SOX10 is important for the development of
melanocytes, structures of inner ear, enteric ganglia neurons,
Schwann cells, and oligodendrocytes (9,10). Studies with
SOX10-null mutant mice show that underlying mechanism of
this form of KS results from defects in embryonic development
of olfactory ensheathing cells that are required for gonadotro-
pin-releasing hormone neuron migration (2,11).

SOX10 is the second neural crest-related gene implicated in
the etiology of KS. Indeed, mutations in CHD7—a key gene in
neural crest development (12)—have been shown to underlie
3-5% of KS cases (7,13,14), and CHD7 mutations may account
as much as one third of KS cases with deafness (1). Our cur-
rent data, especially when combined with that of Pingault et
al., confirm a significant proportion of loss-of-function muta-
tions in SOX10 underlying deafness in patients with KS (2).

In conclusion, targeting the molecular genetic diagnostics of
KS can be challenging and therefore even subtle phenotypic
cues may be of great value in this process. Hearing impairment
is not a very common feature in KS, and its presence should
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lead the pediatrician to search additional phenotypic cues
related to mutations in genes implicated in the development of
neural crest, CHD7 and SOX10.

Finally, it should be noted that there is a 50% chance to pass
on the SOX10 gene defect to future children, who subsequently
might present with a more severe SOXI0-linked phenotype
(4,15). Although this risk has not yet been evaluated in a patient
with KS with SOX10 mutations, such situation has been docu-
mented in patients with KS and CHD7 mutations (7,14).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/pr
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