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Summary

The underlying genetic drivers of Kallmann syndrome, a rare genetic disorder characterized by anosmia and 
hypogonadotropic hypogonadism due to impairment in the development of olfactory axons and in the migration of 
gonadotropin-releasing hormone (GNRH)-producing neurons during embryonic development, remain largely unknown. 
SOX10, a key transcription factor involved in the development of neural crest cells and established as one of the causative 
genes of Waardenburg syndrome, has been shown to be a causative gene of Kallmann syndrome. A 17-year-old male 
patient, who was diagnosed with Waardenburg syndrome on the basis of a hearing impairment and hypopigmented iris 
at childhood, was referred to our department because of anosmia and delayed puberty. As clinical examination revealed 
an aplastic olfactory bulb and hypogonadotropic hypogonadism, we diagnosed him as having Kallmann syndrome. 
Incidentally, we elucidated that he also presented with subclinical hypothyroidism without evidence of autoimmune 
thyroiditis. Direct sequence analysis detected a nonsense SOX10 mutation (c.373C>T, p.Glu125X) in this patient. Since this 
nonsense mutation has never been published as a germline variant, the SOX10 substitution is a novel mutation that results 
in�Kallmann�syndrome�and�Waardenburg�syndrome.�This�case�substantiates�the�significance�of�SOX10 as a genetic cause 
of Kallmann syndrome and Waardenburg syndrome, which possibly share a common pathway in the development of 
neural crest cells.
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Learning points:

 • Kallmann syndrome and Waardenburg syndrome possibly share a common pathway during neural crest cell 
development.

 • SOX10, a key transcription factor involved in the development of neural crest cells, is a common causative gene of 
Kallmann syndrome and Waardenburg syndrome.

 • Careful evaluation about various phenotypic features may reveal the unknown genetic drivers of Kallmann 
syndrome.

Background

Kallmann syndrome (KS) is a rare hereditary disorder 
characterized by congenital hypogonadotropic 
hypogonadism with hyposmia/anosmia due to 
impairment in the development of olfactory axons and 

in the migration of gonadotropin-releasing hormone 
(GNRH)-producing neurons during embryonic 
development. While more than 30 genes have been 
implicated in KS to date, including ANOS1 (KAL1), 
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NSMF, FGF8, FGFR1, FGF17, IL17RD, DUSP6, SPRY4, 
GLCE, FLRT3, PROK2, PROKR2, HS6ST1, CHD7, WDR11, 
SEMA3A, PLXNA1, SEMA7A, SEMA3E, DCC, NTN1, 
AMH, AMHR2, NDNF, TUBB3, KLB, HESX1, SOX10, 
and FEZF1, mutations in these genes never account for 
all the genetic etiology (1). KS can be associated with 
several additional non-olfactory or non-reproductive 
symptoms, including hearing loss, which occurs in 
approximately 5% of KS individuals. While some cases 
of KS with hearing loss are linked to mutations in 
ANOS1, FGFR1, FGF8, IL17RD, and CHD7, the majority 
have unknown genetic features (2).

In 2013, Pingault   et  al. reported a high frequency 
of SOX10 mutations in KS patients with hearing loss 
(3). SOX10 was initially identified as a gene mutated 
in patients with Waardenburg syndrome (WS). This 
syndrome is also an uncommon genetic disorder that 
manifests with congenital sensorineural deafness and 
facial dysmorphic features, represented by dystopia 
canthorum (wide distance between the inner corners 
of the eyes), and abnormal pigmentation of the hair, 
skin, and iris. Depending on phenotypic variations, WS 
is classified into four subtypes, namely WS1–WS4. In 
brief, while WS2 is not associated with any additional 
features, WS1, WS3, and WS4 are associated with dystopia 
canthorum, limb abnormality, and Hirschsprung disease 
(HD), respectively. WS is considered to be caused by 
abnormal neural crest differentiation during embryonic 
development, and several mutations of six genes involved 
in the development of neural crest cells, including PAX3, 
MITF, EDN3, EDNRB, SNAI2, and SOX10, have been 
reported (4).

SOX10, which has been shown to be involved in 
WS2 and WS4 (5), is a transcription factor essential for 
neural crest and peripheral nervous system development 
and differentiation. Since SOX10 mutations have 
been primarily focused as a causative gene of WS, its 
relevance to the etiology of KS has not been established. 
Pingault   et  al. incidentally found a high frequency 
of olfactory bulb agenesis in WS patients with SOX10 
mutations, and they revealed that SOX10-null mice 
showed an absence of olfactory ensheathing cells along 
the olfactory nerve pathway accompanied by a deficiency 
in GnRH cell migration (3). Therefore, SOX10 has  
been recognized as a common gene involved in both KS 
and WS.

Here, we report a patient with KS, congenital deafness, 
and a unilateral hypopigmented iris, who carries a novel 
SOX10 nonsense mutation.

Case presentation

A 17-year-old male patient was referred for delayed 
puberty and anosmia. He was born to nonconsanguineous 
Japanese parents after a normal pregnancy. He presented 
with a right hypopigmented iris without poor eyesight at 
birth. He was diagnosed with deafness at 2.5 years; while 
he was suspected of having WS, he received only hearing 
aids and speech therapy. His mental development was 
normal. At 16 years of age, he noticed anosmia by himself, 
and an intravenous olfaction test using prosultiamine 
(Alinamin test), conducted at another hospital, revealed 
no response. Together with coexisting delayed puberty, he 
was suspected of having KS and visited our hospital.

Investigation

His height was 171.9 cm and his body weight was 54.3 
kg. Physical examination revealed a right unilateral 
blue iris (Fig. 1A), thin body hair, no voice breaking, a 
micropenis, and impalpable testes. The ophthalmoscopy 
test revealed that his right fundus was red colored (Fig. 
1B); however, his visual acuity and visual field were 
normal. The audiogram test revealed that his right and 
left average hearing levels were above 90 dB and 100 
dB, respectively, which suggested that he had severe 
bilateral hearing loss. Dystopia canthorum, pigmentation 
defects in the skin containing hair, limb anomaly, and 
gastrointestinal problems suggestive of HD, which are 

Figure 1
(A) Hypopigmentation of the right iris. (B). Representative images of the 
ophthalmoscopy test. The right panel shows the red colored fundus of 
this patient.
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representative symptoms of WS, were absent. Further, cleft 
lip/palate, shortened digits, missing teeth, absence of one 
kidney, and mirror movements, which are representative 
complications of KS, were also absent.

Endocrine studies revealed the testosterone level (0.18 
ng/mL; reference range: 1.91-8.71), and gonadotropin 
levels including FSH (<1.0 mU/ml; reference range (RR): 
2.9-10.8) and LH (<0.2 mU/ml; RR: 0.8-4.2) were very 
low, with weak and delayed response to a single GNRH 
stimulation (Table 1). Continuous stimulation with 
GNRH (administered for six consecutive days) induced 
a normal response to gonadotropin, indicating the 
persistent function of the pituitary. The rise in the plasma 
testosterone level after 3 days of HCG stimulation was 
insufficient, suggesting the complication of secondary 
testicular dysfunction. A high level of TSH (7.56 μU/
ml; RR: 0.40-3.60) with normal levels of thyroid 
hormones, including FT3 (2.95 pg/ml; RR: 2.25-4.53) 
and FT4 (1.08 ng/dl; RR: 0.97-1.89), indicated subclinical 
hypothyroidism, however, there was an absence of clinical 
signs characteristic of autoimmune thyroiditis, including 
thyroid enlargement and anti-thyroid peroxidase and anti-
thyroglobulin antibodies. Ultrasonography showed that 
the thyroid presented neither swelling nor atrophy but 
contained some cysts in the lower part. Other hormone 
levels, such as ACTH, cortisol, GH, and PRL, were grossly 
normal. His bone age was delayed (~14 years of age) and 
his epiphyseal plates had never closed. CT scan showed 
two small testes in the scrotum, suggesting an absence of 
cryptorchidism. MRI showed an aplastic olfactory bulb, 
whereas no abnormalities were detected around the 
hypothalamus and pituitary (Fig. 2).

 Therefore, we diagnosed him as having both KS and 
WS, and suspected that a SOX10 mutation was responsible 
for the clinical manifestations. Indeed, direct sequence 
analysis identified a nonsense mutation (c.373C>T, 

p.Glu125X) in SOX10 (Fig. 3). The first exon in the SOX10 
coding region had a heterozygous mutation of replacement 
of the 373rd nucleotide, C by T, resulting in replacement 
of the 123rd amino acid glutamic acid codon with a stop 
codon, which possibly terminated the translation. This 
variant was classified as pathogenic based on the ACMG/
AMP guidelines (6) The patient’s parents, older sister, and 
younger brother did not consent to genetic analysis of 
SOX10, however, they appeared phenotypically normal, 
and there was no familial occurrence of pubertal delay, 
cryptorchidism, deafness, and olfactory defects.

Genetic sequencing methodology

After obtaining written informed consent, genomic 
DNA was extracted from the peripheral leukocytes of 
the patient using the QiaAmp Blood Kit (Qiagen). The 
following primers and annealing temperatures were 
used to amplify SOX10 gene fragments covering the 
coding exons (exon 3-5) through PCR as previously 
described (7): exon 3, 5’-GTTGGACTCTTTGCGAGGAC-3’ 
and 5’-ATCCACCCGAAGCTAGAGG-3’ (58℃); exon 4,  
5’-AGCCCCTCTGCTGTCCTCT-3’ and 5’-CACCCTCAG 
CTCTGTCATCA-3’ (60℃); and exon 5, 5’-CTAACC 
TGCTTCCCCCTTG-3’ and 5’-CAAGGAACAGGG 
CACACAG-3’ (58℃). Sequences of PCR products were 
obtained using an ABI PRISM 310 Genetic Analyzer 

Table 1 Baseline patient endocrine data.

Hormone Patient Reference values*

Testosterone (ng/ml) 0.18 1.91–8.71
LH (mU/ml) <0.2 0.8–4.2
FSH (mU/ml) <1.0 2.9–10.8
GH (ng/ml) 1.0 0.07–18.70
IGF-1 (ng/ml) 295 142–540
ACTH (pg/ml) 24.2 12.3–33.3
Cortisol�(μg/dl) 17.1 4.0–13.0
Prolactin (ng/ml) 13.1 4.3–13.7
TSH�(μU/ml) 7.56 0.40–3.60
Free T3 (pg/ml) 2.95 2.25–4.53
Free T4 (ng/dl) 1.08 0.97–1.89

*Reference values in age-matched Japanese men.

Figure 2
Representative images of brain MRI . The arrows indicate the aplastic 
olfactory bulb (left panel). No obvious abnormalities were noted in the 
hypothalamus or pituitary (right panel).

Figure 3
The chromatograms show the partial sequence of exon 3 in this patient. 
The arrow indicates the c.373C>T heterozygous mutation. 
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(Applied Biosystems). Mutations were confirmed by 
sequencing duplicate PCR templates from separate 
reactions.

Treatment 

He did not receive gonadotropin-replacement therapy but 
testosterone-replacement therapy because of the absence 
of desire for childbearing. Initially, he received 125 mg 
testosterone enantate intramuscularly every four weeks, 
and the dose of testosterone has been gradually increased 
depending on the subjective symptoms and his blood 
testosterone level. After 1.5 years of dose titration, his 
condition became stable with the maintenance treatment: 
500 mg testosterone enantate every four to five weeks.

Outcome and follow-up 

His height stopped increasing at the age of 19 years, 
and he has finally grown to 176 cm. As a result of the 
testosterone-replacement therapy, he succeeded in 
avoiding being excessively tall and eunuchoid, and to 
show masculinity.

Discussion 

Herein, we report a male KS patient with WS, who carried 
a novel nonsense mutation (c.373C>T, p.Glu125X) of 
SOX10. The patient had deafness and a hypopigmented 
iris, yet no dystopia canthorum, limb anomaly, or 
symptoms of HD, indicating that his manifestations 
match those reported for WS2. While his family members 
did not consent to genetic analysis, they appeared 
phenotypically normal, and we regarded the patient as a 
sporadic case.

 Recently, the neural crest has been implicated in the 
etiology of KS, particularly in cases with hearing loss. Ta
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Figure 4
Schematic view of SOX10 gene and SOX10 protein. The purple areas of the 
SOX10 gene indicate the coding region. Dim, dimerization domain; HMG, 
high-mobility group; K2, K2 domain; TA, transactivation domain; NLS, 
nuclear localization signals; NES, nuclear export sequence. Numbers refer 
to amino-acid residues. The red lines and the blue line under the HMG 
domain represent the NLS and the NES sequences, respectively. 
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Initially, mutations in CHD7, which is one of the key 
genes in neural crest development, have been shown to 
account for about one-third of KS patients with deafness. 
Secondly, SOX10 mutations were identified in KS patients, 
and have been reported in 17 patients with KS in total, 
including the present case, to date (2, 3, 8, 9, 10, 11, 12). As 
a certain degree of hearing loss was observed in 14 of the 
17 patients, deafness is conceivably a consistent feature 
of patients with SOX10 mutations. In contrast, 8 patients 
showed various degrees of hypopigmentation, 3 patients 
showed neurological defects other than deafness, and 
neither limb anomaly nor HD were described (Table 2).  
Overall, SOX10 mutations are associated with a variety of 
clinical WS features.

SOX10 is a key transcription factor involved 
in the development and migration of neural crest 
cells, which differentiate into melanocytes, Schwann 
cells, oligodendrocytes, and peripheral glia neurons. 
Dysfunction of melanocytes can result in defects in 
melanin synthesis, leading to abnormal pigmentation 
of the hair, skin, and iris. In addition, it can induce 
congenital hearing impairment, as melanocytes are 
essential for inner ear development (13). Furthermore, 
olfactory ensheathing cells, which are required for the 
development of the olfactory bulb and the migration of 
GNRH neurons, can be deficient due to SOX10 mutations, 
leading to anosmia and hypogonadism (3). Therefore, 
SOX10 mutations can induce various developmental 
defects, including an overlapping phenotype of KS  
and WS.

SOX10 belongs to the SRY-related high-mobility group 
(HMG) box family of transcription factors. SOX10 consists 
of 466 amino acids and comprises the following domains 
(from N- to C-terminus): DNA-dependent dimerization 
domain, DNA-binding HMG domain, context-dependent 
transactivation domain K2, and main transactivation 
domain TA. The HMG domain possesses two distinct 
nuclear localization signals (NLS) and a nuclear export 
sequence (NES) to drive the SOX proteins into and out of 
the nucleus, respectively (Fig. 4) (14). Previous findings 
indicate that mutant SOX10 mRNA occurs in any coding 
exon, but the last one is recognized by the nonsense-
mediated RNA decay pathway and degraded; therefore, 
most SOX10 mutations will lead to haploinsufficiency. In 
contrast, if the mutation in the last coding exon occurs, 
a mutant protein is considered to act as a dominant 
negative protein impairing the function of normal 
SOX10, resulting in peripheral demyelinating neuropathy, 
central dysmyelinating leukodystrophy, WS, and HD 
(15). The present case carried a heterozygous nonsense 

substitution c.373C>T (p.Glu125X) in the HMG domain 
of SOX10, which is predicted to be pathogenic due to 
SOX10 haploinsufficiency. To the best of our knowledge, 
this nonsense mutation has never been published as a 
germline variant and has only been observed as a somatic 
variant in a melanoma sample (16). Thus, the SOX10 
substitution (c.373C>T, p.Glu125X) is a novel mutation 
that results in KS or WS.

In this case, in addition to KS and WS, the patient 
also presented with subclinical hypothyroidism without 
evidence of autoimmune thyroiditis. To date, there are no 
reports describing the relationship between SOX10 and 
hypothyroidism. As recent findings have indicated that 
subpopulations of neural crest cells may influence thyroid 
morphogenesis (17), it is possible that SOX10 is also 
associated with the development of the thyroid gland. 
Ultrasonography did not show a definite malformation of 
the thyroid in this case, however, disorders of neural crest 
development caused by SOX10 mutations might affect 
thyroid function. Since it is not clear whether subclinical 
hypothyroidism was an unrelated comorbidity, further 
research is required to address this issue in the future.

Patients with WS tend to be diagnosed in childhood, 
through recognition of congenital hearing impairment 
or abnormal pigmentation, whereas most KS patients are 
diagnosed after puberty. As KS may remain undetected 
in previously reported patients with WS due to SOX10 
mutations, incidences of SOX10 mutations in KS patients 
may increase in the future.

In conclusion, we identified a novel nonsense SOX10 
mutation in a patient diagnosed with KS and WS. This case 
substantiates the significance of SOX10 as a genetic cause of 
KS and WS, which possibly share a common pathway during 
neural crest cell development. Additional phenotypic 
features should be carefully evaluated in patients with KS 
and/or WS. Further studies are necessary to fully elucidate 
the clinical characteristics of SOX10 mutations.
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